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ABSTRACT

INVESTIGATION OF RESIN INFUSION CONSUMABLE EFFECT ON FUSION BOND
STRENGTH IN THE MANUFACTURE OF A THERMOPLASTIC VERTICAL AXIS WIND

TURBINE PROTOTYPE

To further research the economic viability, manufacturability, and wider adoption of Vertical
Axis Wind Turbines (VAWT), a project team led by Steelhead Composites (SHC), with
assistance from Colorado State University (CSU), National Renewable Energy Laboratory
(NREL), and Arkema Inc. designed and fabricated VAWT rotor assembly with thermoplastic
composite blades using novel fabrication techniques. Thermoplastics present many advantages
over traditional thermosets including recyclability as well as the ability to be thermally welded
and reformed without machining. Thermal welding, or fusion bonding can eliminate the need for
adhesive bonding, a requirement in the manufacture of thermoset and thermoplastic turbine
blades, as currently being produced. Colorado State University was tasked with using Elium®, a
novel liquid poly methyl-methacrylate (PMMA) thermoplastic manufactured by Arkema to
conduct the manufacture of protype vertical axis wind turbine blades. Elium® is a reactive, in-
situ polymerizing thermoplastic that is processed using liquid processing techniques and it has
mechanical properties comparable to counterpart thermosetting resins. The CSU research team
developed a resin infusion molding process with closed two-part molds to create thin, hollow
fiber reinforced airfoils. When high quality airfoils were successfully manufactured the team
investigated the feasibility of fusion bonding end fittings into the hollow airfoils to reduce part

count and mass. It was hypothesized that the consumables that produced a rough, matrix rich

il



texture at the bond interface would lead to higher strength bonded joints. The fusion bonding
focus investigated three different infusion consumables: Compoflex® RF3 a combination release
film and flow media, G-FLOW™, a structural glass fiber flow media, and Release Ply Super A,
a heavy weight nylon release film. The products produced varying surface textures that were
measured using a surface profilometer to compare and quantify the roughness and form of the
surface, to examine how the induced surface textures impacted the quality of fusion bonded
joints. This hypothesis was tested via manufacture of double lap shear strength coupons which
were tested via ASTM 3528. Processing parameters of the bulk heating fusion bonding process
were varied included temperature, consolidation pressure and time, and cooling method. Strength
testing results in addition to failure mode analysis and digital microscopy imaging were used to
determine which consumables provided a higher bond strength in both glass fiber and carbon
fiber Elium® thermoplastic reinforced specimens. The results of the double lap shear tests
showed that with the right combination of surface texture and processing variables, lap shear
strengths of over 16 MPa (2300 psi) were achieved with glass fiber reinforcements. Results
indicated that more consistent strength values were obtained from infusion consumables that had
smaller surface asperities, and that larger asperities often led to the inclusion of air bubbles
creating voids thus reducing the strength of the bonded joints. Subsequent testing using carbon
fiber as the reinforcement provided satisfactory values for lap shear strength and the team
proceeded develop a process to fusion join to end attachment plates used to attach blades to the
turbine hub. After successfully fusion bonding the tower to blade attachment plates into 129”
long hollow airfoil sections, post-mold reforming was used to thermoform the blades into the

desired geometry to complete a three-blade vertical axis wind turbine blade prototype.
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1. INTRODUCTION

1.1. Vertical Axis Wind Turbines

As global energy requirements continue to escalate, concerns about climate change, reducing pollution,
and wider adoption of renewable energy sources has also accelerated. One method of addressing these
issues currently being researched is decentralized wind power generation. Wind power generation has
long been at the forefront of renewable power generation and in recent years the industry has been
dominated by horizontal axis wind turbines (HAWT) due to the large power output and scalability with
electrical energy output surpassing 12 MW.

However, in recent years decentralized power generation has become an area of focus as local energy
production decreases the losses associated with long distance power transmission and gives individuals or
organizations the ability to generate their own power. There currently is a commercial need for
competitively priced vertical axis wind turbines for residential and urban areas due to their ability to
perform at a variety of wind speeds, simplicity of fabrication, and ease of maintainability. Vertical axis
wind turbines (VAWT) are electric power generating machinery which convert energy from the wind to
mechanical energy, which is then converted to electrical energy [1] . VAWT can be contrasted to
horizontal axis wind turbines in that the axis of rotation for the VAWT is in the vertical direction. The
VAWT configuration has benefits in that the electricity generating machinery, gearboxes and
interconnection can be located at the bottom of the rotational axis of the turbine, thereby improving the
structural efficiency and economics of the turbine [2]. VAWTs have three primary configurations that
can be seen in Figure 1. The Darrieus type VAWT consists of a set of curved or bent blades that interface
at the top and bottom of a vertical structure. Darrieus type VAWTSs have a long history of successful
implementation, have relatively low bending moments in the airfoil structures, and are robust to changes

in wind direction [2]. H-type VAWTSs can be more aerodynamically efficient than the curved blades of



Darrieus type machines, do not require guidewires, and can be deployed on larger towers removing them
from terrain boundary layer effects. The structural considerations of the rotating airfoils and stationary
structure of the VAWT are considerably complicated by the full 360 degree inversion of the airfoil (and
its corresponding lift and drag loads) relative to the prevailing wind, by the wake or upstream effects of
the vertical rotating axis, and by stress concentrations at the joints and hubs that are characteristic of H-

type VAWTSs (which are the focus of this study).

——
D - Type H - Type Helical Type

Figure 1: Comparison of three styles of Darrieus Style Vertical Axis Wind Turbines from [3]

1.2. Manufacture of Wind Turbine Blades

Material selection has always governed the manufacture and design of wind turbine blades. Early
electricity producing wind turbine blades in the 1940’s and 1950’s were manufactured from steel,
however they failed early in operation thus demonstrating the importance of material selection. Later in
the late 1950°s and 1960’s the first demonstration of a composite turbine blade called the Gedser Wind
Turbine was built with steel spars, aluminum shells, and wooden ribs and successfully ran for 11 years
without maintenance [4] . In the 1970’s the wind energy industry transitioned to using fiber reinforced

polymer matrix composites for turbine blade manufacture.



1.2.1. Fiber Reinforced Polymer Composite Usage in Wind Turbine Manufacture

Composite materials are beneficial for their high strength-to-weight ratio which is a critical factor in the
manufacture of wind turbine blades. In HAWT blades, as the size and weight of blades increases to
generate larger amounts of power, gravitational loads become design drivers and stiffness-to-weight ratios
also becomes increasingly important to prevent deflection and ensure tip-clearance from the tower [4].
Additionally, since turbine blades are being designed to operate in excess of 20+ years, the high cycle

fatigue behavior of composites become increasingly important.

1.2.2. Manufacturing of FRP Turbine Blades

In the early history of fiber reinforced composite turbine blades the process traditionally used was a wet
layup, where glass fibers were wet out with liquid thermosetting materials using paint brushes and rollers
in an open mold. Once fully wet out and once the desired laminate thickness was reached, the blade skin
was vacuum bagged and cured under vacuum. This process was used early on to create small and medium
sized blades up to 55 meters. However, the one of the main drawbacks to this process was that it was
extremely time consuming which resulted in high labor costs [4]. Additionally, the process exposed
technicians to harmful volatile organic compounds (VOC’s) that presented detrimental health effects. The
major limitation of open molding turbine blades was that when blades design was getting larger and larger
the blades required webs to be inserted in between either side of the blade shell and adhesively bonded in
place. The adhesive bonding introduced large variability and defects that were areas of weakness in the

blade that were often first to fail.

1.2.3. Resin Infusion process

The introduction of resin infusion technology was a major improvement to both the safety and quality of
fiber reinforced blades, and it is currently the most common method of manufacturing turbine blades.
Resin infusion (RI) is part of the liquid composite molding (LCM) process family. The term LCM
describes the closed mold processes in which a liquid polymeric resin is impregnated through a fibrous

reinforcement. Common LCM processes are resin transfer molding (RTM), injection/compression



molding (I/CM), RTM light and vacuum assisted resin infusion molding (VARIM) [5]. Figure 2
illustrates the terminology used in the resin infusion process. Dry fibers or the preform (1) are placed into
sealed molds, either under vacuum or in a closed mold. Typically, a peel ply or other material used to
separate the part from consumables is placed over the preform (2) In many infusion processes a
distribution media (3) is placed on top of the peel ply to enhance resin flow if the preform has low in-
plane permeability. After the resin inlet (5) and outlet tube (6) are positioned to allow resin flow through
the part the entire layup is covered in a vacuum bag (4) and sealed with a sealant tape (7) to ensure
vacuum and seal the system. Once air is evacuated from the system a low viscosity resin is either drawn
into the mold under vacuum or injected in under pressure if using an RTM process. Once the preform is

wet out, the resin inlet is clamped, and the resin can cure under vacuum.

(3)

(1) Distribution media
Preform (4)
(5) (2) Vacuum bag
Inlet tube Peel ply (6)

Vacuum port

(7)
Tacky tape

Figure 2: VARIM process and materials adapted from [5]

As compared to other traditional open molding techniques previously used to manufacture turbine blades,
this liquid molding technique, specifically a resin infusion process, eliminated wetting out fabric by hand
as well as kept all VOC’s enclosed in the system. The final fiber volume fraction (V) achieved can be
higher and more consistent than with more traditional open mold techniques leading to greater quality

products and reduced labor costs.



1.3. Polymer Matrixes in Turbine Manufacture

The usage of polymer matrix composites in wind energy has drastically changed and advanced the
industry. The wind energy industry is the largest consumer of glass fibers, carbon fibers, epoxy matrixes,
as well as other consumables such as foam core, balsa wood core, adhesives and coatings [6]. The two
types of polymer matrixes used in turbine manufacture are thermosets and thermoplastics. Both are
relatively ductile and weak compared to the fibers in the blades with modulus values less than 4GPa so
the purpose of the polymer matrix is to bind the fibers together so they can act synergistically and give a
functional composite for the structural needs of turbine blades. This is accomplished by combining the
stiff yet brittle properties of fibers with the higher toughness and failure strain of polymers. The matrix
increases a composites toughness via energy absorbing mechanisms at the interface of the matrix and
fiber [6]. Polymers are chainlike molecules with covalently bonded carbon atoms that form the backbone
of the chain. The process of forming large strings of polymer molecules (polymers) from the individual
building blocks monomers is called polymerization. There are two classes of polymerization, i)
Condensation polymerization and ii) Addition polymerization. Condensation polymerization creates a bi-
product where addition polymerization uses a catalyst and monomers join without creating any bi-
products. Based on this behavior we have the two types of polymers, thermoset plastics produced via
condensation polymerization and thermoplastics produced with addition polymerization [7]. Mechanical
behavior of polymers is dependent first on the molecular chain configurations which can be seen below in

Figure 3.

.....

Figure 3: Polymer chain configurations from [7]



Rather than being cross-linked, thermoplastic composites consist of entangled chains. It is this
architecture that allows thermoplastics to be thermally remolded or dissolved, techniques not available to
thermosets. When an amorphous thermoplastic polymer is heated to a temperature referred to as the Glass
Transition Temperature (Tg) the mechanical properties drop, and the polymer essentially becomes a

viscous liquid. The Tg is analogous to the melting temperature in crystalline materials.

1.3.1. Thermosetting (TS) Polymer Matrixes in Turbine Manufacture

Thermosetting polymer matrix materials such as epoxy, polyester, and vinyl ester have been the major
polymers chosen for turbine blade manufacture. They represent about 80% of the market usage for fiber
reinforced polymers, especially in turbine blade manufacture [6]. They can be cured at room temperatures
but for higher mechanical properties and to obtain processing speeds required in today’s high paced
manufacturing setting this often means that thermosets must be cured at high temperatures which often
involves costly heated molds or large ovens. They have a low viscosity at room temperature which
allowed for easy infusion [4]. TS polymers form dense three-dimensional, covalently bonded crosslinked
networks upon polymerization and are not thermo-softening materials; as a result, they cannot be
reshaped, joined and readily recycled like their TP counterparts. The cross-linked thermosetting nature of
thermosets have stiffness values of between 3-4 GPa and a moderate strain to failure of 5-8% so they are
usually stiffer than thermoplastics but more brittle [6]. Thermosets have additional drawbacks that
include exothermic reactions as well as slow cure times if cured at room temperature, and lower fracture

toughness than TS polymers.

1.3.2. Thermoplastic (TP) Polymer Matrixes in Turbine Manufacture

Thermoplastic (TP) matrix turbine blades are providing a possible alternative to the traditional
thermosetting polymer composite blades due to their ability to be recycled, increased durability, impact
toughness, ability to be reformed and increased mechanical properties obtained by novel thermoplastics
being created. Prior drawbacks of thermoplastics were the difficulties manufacturing due to high melt

viscosities and the increased energy usage when having to melt the polymer to wet out fibers. With newly



developed in-situ polymerizing thermoplastic resin systems for wind turbine blades that polymerize at
room temperature, manufacture of thermoplastic turbines can be a low-cost and energy effective method.
As the use of thermoplastic composites for structural applications expands, continued research on
processing capabilities of novel materials such as Elium® is required. One of the greatest attributes of
thermoplastic composites is the ability to be fusion bonded to eliminate the need for adhesives or
mechanical fasteners. Eliminating adhesives can reduce manufacturing steps and cycle time, improve

joint quality, and drastically decrease manufacturing costs.

1.4. Elium® Poly Methyl-Methacrylate

Arkema’s Elium® resin is a liquid at room temperature with viscosity ranging between 100 and 500 cPs.
It is a two-part reactive system in which the liquid MMA monomer is combined with a peroxide initiator,
to form a branched poly methyl-methacrylate (PMMA) [8]. In this study Luperox LP40 which has 40%
by weight water content was used to help control the exothermic reaction that occurs with higher Luperox
content shown in prior studies [9].

These resins are low-viscosity liquids (100-200 cPs) at room temperature and are suited to processing by
liquid composite molding techniques using room-temperature tooling, which were once exclusively used
for TS-FRP production. This technology has already been demonstrated through the production of
components such as wind turbine blades [10] and structural automotive components [11]. Furthermore,

the recyclability and thermoformability of these materials have also been demonstrated [12].

The properties of this infusible acrylic and its composites have been studied by many authors. These
works have effectively established the knowledge base on the material's mechanical characteristics, with
extensive efforts in characterizing tensile, compressive, shear, impact, and fracture toughness [13, 14].
Much applied research has been conducted on understanding the material's fatigue [15]; moisture
diffusivity and marine ageing [16]; interfacial adhesion [17]; damage evolution and fracture behavior [18,

19] and even the effects of processing on properties [20, 21]. Moreover, the thermomechanical properties
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of this acrylic family and their composites have also been studied by a number of researchers [22, 23].The
material properties of the Elium® are similar to those of an epoxy counterpart resin. Key values for neat

Elium® resin is found in other literature and is summarized in Table 1.

Table 1: Material properties of neat Elium® 150 resin from Technical Data Sheet (TDS)

Material | Tensile | Tensile | Elongation | Flexural | Flexural | Lap Shear | Glass
Property | strength | modulus | at break strength | modulus | Strength of | transition
of neat MPa (GPa) (%) (MPa) (GPa) UD temperature
Elium® Composite | (°C)
150 (MPa)
Resin

76 33 2.8 130 3.2 22 120

1.4.1. Manufacture of 2 9m Thermoplastic Composite Wind Turbine Blade

NREL demonstrated the first application of using Elium® reactive thermoplastic in the manufacture of
wind turbine blades using VARIM [10]. The project successfully manufactured a 9m wind turbine blade
that exhibited rapid cure times below three hours and energy efficient manufacturing methods. All
components were cured at room temperature without requiring heat for curing, leading to significant
decreases associated with the large energy requirements of thermosetting resin materials. The project also
illustrated the successful VARIM manufacturing process, as well as the resin characterization of Elium®,
including both mechanical properties as well as the drawbacks associated with the exothermic reaction
that occurs during the polymerization process. Specifically, the reaction between Elium® resin and the
Luperox peroxide initiator caused the temperature of the resin to increase to above the boiling point of the
polymer causing voids and imperfections in the laminate or causing damage to the molds. NREL was able
to mitigate this issue, especially common in thick sections of the turbine blades using an exothermic
control additive that did not affect mechanical properties. One of the issues encountered by the NREL
team was bonding the high-pressure and low-pressure skins to the shear web. The team had to sand and
clean bonding areas with 50 grit sandpaper followed by cleaning with acetone. An epoxy adhesive was
used to bond the three blade components, however if the process was to be scaled it would require a great

deal of effort to prepare the areas to be bonded. One of the suggestions for future work was to determine
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methods for thermal welding blade skins and components to eliminate the need for adhesive bonds

leading to stronger, longer lasting blades.

1.4.2. Prior Research on Fusion Bonding Elium® Thermoplastic Composites

Due to the interest and recent advent of the liquid thermoplastic Elium®, there is a great interest in the
study of bonding methods using this novel thermoplastic. Two studies were performed to investigate the
potential for fusion bonding Elium® TPCs, one using resistance and induction welding techniques for
applications in wind turbines and the other focusing on ultrasonic welding. At this time there has not been
any published literature on fusion bonding Elium® using bulk heating as used in this study.

The preliminary study on fusion bonding Elium® thermoplastic composites [24] was performed by
researchers at the National Renewable Energy Laboratory investigated induction and resistance welding
on Elium® composite lap shear coupons for application in manufacturing wind turbine blades. The
research gives a baseline value for lap shear strength values obtained from fusion bonded fiber reinforced
Elium® joints as compared to adhesively bonded joints. The adhesives used were three methacrylate-
based adhesives commonly used in the wind industry; Acralock SA10-60, Plexus 590, and Plexus 310.
The setup used in the research for welding lap shear samples can be seen Figure 4: Welding Elium®
Laminates; Induction (left) vs. Resistance Welding. The resistance welded joints tested four types of
heating elements including stainless steel mesh, unidirectional, plain-weave, and biaxial carbon fiber

heating elements, and the induction weld used plain weave as the heating element.
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Figure 4: Welding Elium® Laminates; Induction (left) vs. Resistance Welding (right) from Murray [24]



This study first gave a comparison of static lap shear values obtained from ASTM D5868 between the
adhesively bonded joints and the fusion bonded joints. The results from the static testing are shown below
in Figure 5. The lap-shear strengths of fusion bonded joints were higher than the adhesive bonds by up to
100%. The highest average lap shear strength results of the adhesive joints were 17.4 MPa from the
Plexus MA310 however the other two adhesives only achieved lap shear average below 10MPa. The
fusion bonded joints performed much better on average, resistance values using the stainless-steel mesh in
resistance welding achieved a value of 20.9 MPa. The fusion welded bonds using carbon fiber as the
heating element depended on the type of carbon fiber used ranging from 19.7 MPa with FiberGlast UD
and woven fabric while the bonds made with Vectorply biaxial carbon-fiber heating elements failed at an
average of 22.5 MPa. The research then performed fatigue testing and recommended continued research
on resistance welding and exploring failure mechanics with peel strength testing. At 107 cycles (defined
stress for no failure), the fatigue limit for a fusion-welded sample was found to be 5 MPa as compared to
3 MPa in the case of the adhesively bonded sample displaying a much better fatigue response for fusion

bonded sample than adhesively bonded samples [24].
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Figure 5: Lap Shear Strength of Adhesive, Resistance, and Induction Welded Elium® from Murray [24]
The second study [25] examining bonding properties of Elium® thermoplastic composites investigated

the fatigue strength of ultrasonically welded composite joints using an integrated energy director
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compared to a flat film of neat Elium® resin. This research compared the static and fatigue response of
US welded joints to a control of adhesively bonded joints and showed a 10-12% higher fatigue life at 10°
and 10° fatigue cycles compared to the adhesively bonded joints. An important note to this research is that
the research focused on the lap shear and fatigue values obtained from two different US welding
configurations. As shown in Figure 6, the lap shear welding configuration either had an integrated
triangular shaped energy director or a flat Elium® film at the weld interface. The values at the right of the
figure display the amount of additional neat resin available at the joint. After an optimization study with
different welding parameters of weld time and weld pressure the integrated energy director produced a
static Lap shear strength of 18.86 MPa +0.14 whereas the configuration using film to increase the amount
of resin at the bond interface obtained a LSS value of 14.04 MPa £0.01. Again, the results of 14.2 MPa
for adhesively bonded joints are similar to those obtained in other research. This study also illustrated

that larges values that could obtained by fusion welding with optimize parameters than with adhesive

bonding.
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Figure 6: Ultrasonic welding configuration from [25]

1.5. Joining Methods of Thermoplastic Composites

Joining advanced composite components require careful consideration as they are a source of failure,
increase manufacturing complications, and usually incur a weight penalty. However, it is often impossible
to manufacture components without joints due to limitations on material size, assembly, or increased
complications manufacturing joint free designs. Designers limit the number of joints when possible
however quality joining methods can reduce manufacturing costs, ease assembly and obtain joint

strengths equal to the materials being joined.
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The most common methods for joining composite materials, as well as composite to metallic components
are mechanical fastening and adhesive bonding. The use of thermoplastics composites allows the
possibility of welding adherends, a process that is not possible with thermosetting polymer matrix
composites. However, in all situations careful consideration must be taken based on the application and
parent material composition [26]. Figure 7 shows the basic hierarchy of joining methods for polymeric

materials. The process used in this study is highlighted in red.
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Figure 7: Joining Methods of Polymer Matrix Composites

Unfortunately, some issues appear when fusion bonding techniques are applied to continuous fiber
reinforced thermoplastic composites. This is especially true in the case of high fiber volume fraction
composites. Among the issues most mentioned in the literature are uneven heating, delamination, and
distortion of the laminates [27], as well as a low amount of resin available to melt and reconsolidate into a

fused bonded joint [28].

1.5.1. Mechanical Fasteners and Adhesive Bonding

Mechanical fasteners and adhesive bonding are the most common method of joining of polymeric
composite materials, however issues with structural integrity due to localized stresses in the joint area
requires additional considerations [28]. The goal in any joining operation is to have the joined area be as

strong or stronger than the adherends or parent materials. When joining composite materials this becomes
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a huge challenge because of stress concentration, the effects of drilling on the structural integrity, and
localized delamination. Mechanical fasteners also allow water intrusion into the composite, are a source
of galvanic corrosion, increase the weight of the system and require extensive time and labor for drilling
hole locations. [27] In contrast, poor bonding properties between adhesives and polymers make adhesive
bonding methods less desirable for most structural applications. Most wind turbines blades today are
manufactured with two mold halves and then bonded together. This requires having to join areas such as
the leading and trailing edges, web, and spar cap joints. This is not only a time-consuming process it
inherently introduces stress concentrations and areas of weakness into the manufactured blade. With the
complex curvature along the blade section, bonding this line becomes increasingly complicated and the
stresses found in adhesively bonded joints is complex. The use of commercial additives requires special
surface preparation, in turbine blades this includes sanding of the high pressure and low-pressure skins to
achieve a uniform surface and increase contact area as well as additional surface pretreatments such as
cleaning and degreasing to improve interfacial bonding. This is a major area of concern as there are many
forms of contamination from release agents, bagging materials, and machining oils which makes surface
preparation very difficult to control in an industrial environment. Coupled with the long curing times of
traditional thermosetting adhesives, adhesive bonding becomes another time-consuming process. With the
advent of thermoplastic turbine blades the joining process can be improved with methods of fusion

bonding resulting in a higher quality and faster manufacturing process.

1.5.2. Welding and other Methods of Fusion Bonding

Fusion bonding is one of three distinct categories of joining methods for polymeric materials that also
includes mechanical fastening and adhesive bonding. Fusion bonding itself can be divided into several
subdivisions based on the method of heat generation mechanism at the bondline [1]. The four classes
include bulk-heating, frictional heating, electromagnetic heating, and two-stage techniques [2]. Bulk-
heating was the process used in this study and is an ideal joining method since no weight is added to the

structure, the bond strength is potentially equal to the parent material and it requires little surface

13



preparation [2]. However, it does require that the entire thickness of the area being bonded must be
brought to high temperature, whereas the other methods of heat generation only the interface is the only
area brought above Tg. All methods of fusion bonding neat thermoplastics or thermoplastic composites
(TPC) utilize the principal of heating a polymer (or polymer matrix in a TPC) above Tg at the interface to
create a viscous state, then by applying pressure and bringing the bonded surfaces together polymer
chains can entangle, and upon cooling form a bonded area of entwined polymer chains in a process called
autohesion [29]. Thus, the main goal of fusion bonding is to produce a monolithic structure by the
combination of intimate contact and molecular interdiffusion healing [30]. The consolidation process at
the polymer interface which was first described by Wool et al. in five sequential stages of (1) surface
rearrangement (2) surface approach (3) wetting (4) diffusion and (5) randomization [31].

Substrate\
| A

I I, Intimate contact development

Polymer chain

4— Interface

Figure 8:Fusion bonding process of thermoplastic composites displaying the five sequential stages as described by Wool. Figure
Adapted from [27] and [32]

Stages 1-3 characterize the concept of intimate contact, where due to the heat and pressure surface
asperities in the interface are allowed to spread resulting in a large contact area and combined with the
high temperature of the polymer interdiffusion of polymer chains can occur in a process referred to as

healing evident in stages 4 & 5 [33, 34]. This process is illustrated above in Figure 8.
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1.6. Factors Impacting Quality of Bonded Joints

One needs to consider the microstructure of the fusion bonded interface. It does not only involve the
degree of bonding, comprising intimate contact and healing, but also other structural features such as
fiber-matrix distribution, contamination of the bondline, degree of crystallinity of the matrix, residual
stresses, void fraction and degree of polymer degradation [35].

From a physical viewpoint, the fusion bonding process involves intimate contact development between
the two surfaces (also known as wetting), followed by interdiffusion of polymer chains across the
interface (also known as healing) [36]. Proper wetting may be a challenge for thermoplastic composites
with a high fiber volume fraction due to the lack of matrix material at the interface; this may result in poor
bond performance [28] . To solve this problem, some welding techniques may require such an additional
resin layer at the in order to promote wetting, [37]. For example, a resin layer is added as an energy
director in the case of ultrasonic welding [36]. This additional layer of pure polymer may lead to a matrix
rich bondline which in turn may affect the joint performance. A proper understanding of the interrelation
between the matrix rich bondline thickness and the joint performance is required to enable optimization of

the joint design [38].

1.6.1. Bondline Thickness

The effect of a polymeric matrix-rich layer at the interface between the two substrates on the mechanical
performance has been widely studied for adhesively bonded metallic and composites substrates [27, 28]
as well as with composites using a thermoplastic or thermoset interleave where a layer of neat
thermoplastic resin is inserted into the bondline prior to consolidation pressure being applied [39]. The
prior research proposed the interlaminar fracture toughness has a tendency to increase with an increase in
matrix-rich bondline thickness [35]. The effect of interleaving thickness on single lap shear strength,
mode II fracture toughness, and mixed mode fracture toughness was also studied in the past suggesting
more plastic energy dissipation before fracture occurs. In the aforementioned cases, the mechanical

performance tends to improve with increasing interleaving thickness until reaching a plateau where the
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mechanical performance is insensitive to any further increase of the thickness of the matrix-rich layer and

tensile strength decreases as a result of the matrix rich layer [35].

Other research has suggested a matrix-rich bondline at the interface may be generated dependent on the
nature of the manufacturing process used to manufacture the composite or the bonding parameters, such
as a two stage process where additional matrix is interleaved in between adherends compared to a fusion
bonding process where no additional materials are added to create the bonded region [40]. It has been
observed that an increase in matrix interface thickness allows for a larger plastic yielding zone, resulting
in a higher interlaminar fracture toughness. The relationship between the matrix-rich bondline thickness
and the interlaminar fracture toughness was studied for unidirectional Carbon/PEEK fusion bonded
laminates with different matrix-rich bondline thicknesses. A higher interlaminar fracture toughness was
observed when the matrix-rich bondline thickness increased and the value was almost doubled with
respect to that of the parent material when an approximately 200 um-thick resin film was added to the

bond interface [35].

1.6.2. Surface Roughness and Waviness

Two factors that were investigated in this study were the effects of roughness and waviness in the process
of fusion bonding thermoplastic composites. Surface texture is the deviation from the nominal surface
that forms the three-dimensional topography of the surface. Surface texture includes (1) roughness (2)
waviness, (3) lay, and (4) flaws. Figure 9 is a pictorial display of surface texture with unidirectional lay.
The red line in the figure illustrates roughness, which is formed by fluctuations in the surface of short
wavelengths, characterized by hills (asperities) (local maxima) and valleys (local minima) of varying
amplitudes and spacings. Asperities are referred to as peaks in a two-dimensional profile or summits in a
three-dimensional surface map. Waviness as illustrated by the blue line is the surface irregularity of
longer wavelengths. Waviness in manufacturing settings may result from such factors as machine or

workpiece deflections, vibration, chatter, heat treatment, or warping strains. Waviness includes all
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irregularities whose spacing is greater than the roughness sampling length and less than the waviness
sampling length. Lay is the principal direction of the predominant surface pattern, determined by the
production method, in the manufacture of composites in this study the lay would be classified as the
direction of resin infusion. Flaws are unintentional, unwanted interruptions in the surface texture caused

by air bubbles and voids created in the infusion [41]
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Figure 9: Pictorial Display of Surface Texture adapted from [41]
Surface roughness most commonly refers to the variations in the height of the surface relative to a
reference plane typically defined as the center line. It is usually characterized by one of the two statistical
height descriptors advocated by the American National Standards Institute (ANSI) and the International

Standardization Organization (ISO). These are i) Ra and ii) the standard deviation or variance (o). Ra is
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the universally recognized, and most used, international parameter of roughness. It is the arithmetic mean
of the absolute departures of the roughness profile from the mean line. The standard deviation (o) is the
square root of the arithmetic mean of the square of the vertical deviation from the mean line and is
normally used for statistical analysis of surfaces where R, is an official standard in most industrialized
countries to give adopted roughness grade numbers. Additional measures of surface roughness are
extreme-value height descriptors. Four other extreme-value height descriptors in limited use, are: Ry, the
maximum peak height from mean, R, the maximum valley depth from the mean, Rz the average peak-to-
valley height, and R; is the maximum peak-to-valley height or simply P—V distance and it is the most

common [41].
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Figure 10: Roughness Profile Curve Terminology [42]
Various instruments are available for the roughness measurement. The measurement technique can be
divided into two broad categories: (a) a contact type in which during measurement a component of the
measurement instrument contacts the surface to be measured; and (2) a noncontact type. A contact type
method uses an instrument that amplifies and records the vertical motions of a stylus displaced at a
constant speed by the surface to be measured. The stylus is mechanically coupled most commonly to a
linear variable differential transformer (LVDT), an optical or a capacitance sensor. The stylus arm is
loaded against the sample and either the stylus is scanned across the stationary sample surface using a

traverse unit at a constant speed or the sample is transported across an optical flat reference. As the stylus
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or sample moves, the stylus rides over the sample surface detecting surface deviations by the transducer.
It produces an analog signal corresponding the vertical stylus movement. This signal is then amplified,
conditioned, and digitized. Optical measurements include but are not limited to confocal microscopy,
focus variation microscopy, electron microscopy, and photogrammetry [43, 41].

The effect of surface roughness was modeled and studied by Lee and Springer [32] which modeled
surface asperities as a series of rectangles. Using the laws of conservation of momentum to model the
flattening of rectangles and assuming laminar flow they devised equations used to determine the extent of
the flow occurring at the interface. Via modeling and empirical data found by measurements obtained
with surface profilometry Yang and Pitchumani [33] found a correlation between the surface roughness
and the time it takes to reach intimate contact. They stated that since tall narrow asperities spread quickly
the governing factor was the widest ratio (h/w) asperities took the longest to flow and thus consolidation
took longer to achieve. Surface roughness has been thoroughly studied for adhesive bonding and it has
shown that increased surface roughness increases mechanical interlocking of adherent and adhesive [44]
however there has been little research performed on the effect of surface preparation on fusion bonding
using bulk heating as much of current research has investigated surface energy or contamination from
consumables while performing vibration welding techniques . With the advent of liquid thermoplastics
such as Elium®, a new opportunity arises to investigate the relationship between fusion bonding and
surface textures created from infusion processes consumables with the goal of minimizing the need for

additional surface preparation and processing to achieve high quality bonded joints.

1.6.3. Surface Contamination and Chemistry

One of the most studied areas of bonding research has been performed on various methods of surface
preparation and methods of reducing contamination at the bondline that creates voids and prevents quality
bonds from being achieved. Contrarily to adhesive bonding, which involves careful treatment of the
surfaces to be bonded [45] fusion bonding is claimed not to require any special surface treatment other

than degreasing since the thermoplastic matrix melts during the process [27]. However, the release media
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used to treat the molds for forming and consolidation of thermoplastic composites can potentially leave
contaminants on the surfaces, which will be trapped in the bondline during the fusion bonding process.
Sachetti found the presence of release media contaminants on the surface of UD Carbon/PEEK substrates
can have a significant detrimental effect on the toughness of the resulting joint; the interlaminar toughness
was found to be reduced by more than 60 % in the worst case [46] Thus, contrary to popular belief as
often mentioned in literature, surface contamination can greatly influence the mechanical performance of

welded joints in thermoplastic composites.

1.6.4. Adhesive and Cohesive Failure

The aim of composite joint design is to design a joint to fail by bulk failure of the adherends. A margin of
safety is generally incorporated in the design to account for factors, such as service environment, type of
loading, degree of control in adhesive application, etc. It is important to ensure that the adhesive is not
the weakest link. For composite adherends, failure is often observed to occur in the near surface plies of
laminate materials. This is due to the low toughness associated with the thin resin layer present at the
surface of these materials. Considerable care needs to be taken to ensure that the thin surface resin layer
does not become the weakest link. The aim of designing adhesive joints is to maintain the adhesive in a
state of shear or compression. Bonded joints are strongest under these loading conditions. Tension,
cleavage or peel forces should be avoided, or their effect minimized. The presence of the stresses will
compromise joint strength and fatigue performance. Structural adhesives have relatively poor resistance
to through-thickness (peel) stresses, and therefore to obtain maximum efficiency, joints need to be
designed to minimize tensile stresses. For composite laminates, resistance to peel stresses may be
considerably lower, so even greater care must be taken with these materials to minimize these stresses.
Adhesive failure is the rupture of the adhesive bond, such that separation occurs at the adherend/adhesive
interface. Interfacial failure is one of the lowest shear strength failures, as it indicates that the adhesive
was not bonded well to the adherends. This form of failure can result from either inadequate surface

treatment or material mismatch such as voids or bubbles inside the adhesive layer during the
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manufacturing. Information on interfacial strength, although qualitative, is normally obtained from
adhesive joint tests (i.e. lap shear). The term “interface” is used for the layer of material bordering the
adherend and adhesive, which encompasses the true interface, the interphase and the near surface

area. Cohesive failure occurs when the load exceeds the adhesive strength. This tends to be a localized
effect, occurring near stress concentrations (ends of joints). In laminate materials, this form of failure
generally initiates from the matrix between layers as a result of out-of-plane tensile or interlaminar shear
stresses [47]. Cohesive failure is characterized by the failure within the adhesive, typically through its
thickness. This type of failure suggests that the bond between the adherends and the adhesive is stronger
than the adhesive strength itself. Finally, adherent failure (coupon failure) is characterized by the failure
of the adherent, which indicates that the adhesive is stronger than the adherents and therefore typically
comes with high-strength bonds. The type of macroscopic failure mode is identified by observing the
adherend fracture surfaces [24]. ASTM D5573 - Standard Practice for Classifying Failure Modes in
Fiber-Reinforced-Plastic (FRP) Joints gives the defintions used for classifying failure modes and

representative failure modes are show below in Figure 11.
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Figure 11: ASTM Standard Practice for Classifying Failure Modes in Fiber-Reinforced-Plastic Joints

1.7. Steelhead VAWT With Thermoplastic Composite Blades Study

Daedalus Composites, a producer of high-end, zero emission yachts partnered with Steelhead Composites
to investigate the feasibility of producing a small scale VAWT for installation on their vessels. Since
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wind power is not the primary source of energy on ship, there was increased importance on aesthetics,
low noise, small form factor, and power generation at low wind speeds. With funding and guidance from
the Institute for Advanced Composite Manufacturing Innovation (IACMI), Steelhead Composites,
Colorado State University, National Renewable Energy Laboratory (NREL) and Arkema Inc.
collaborated to perform the techno-economic evaluation to provide a cost basis to evaluate different
technologies and then to develop and fabricate the VAWT rotor assembly [48]. IACMI solicits and selects
project proposals that advance the nation’s energy and economic security by sharing existing resources
and co-investing to accelerate research and development innovation with advanced composites. IACMI
projects validate manufacturing technologies to respond to private industry’s need for faster and more
cost, material, and energy-efficient composite manufacturing, including recycling and the end-of-product
life [49]. The major goal of the technical collaboration was to demonstrate the design and manufacture of
a VAWT rated between 0.5 and 1 kW using thermoplastic reinforced composites.

Colorado State was primarily concerned with developing a manufacturing strategy as well as examine the
potential thermoplastic resin systems have in transforming the way VAWT rotor assemblies are
constructed by utilizing thermally welded joints. These thermally welded joints enable lower cost
manufacturing, allow blades to be joined both in the factory and in the field, and can increase reliability
by eliminating mechanical fasteners or adhesively bonded jointed. The infused composite blades
manufactured during this program are an excellent example of these benefits made possible by the
Arkema thermoplastic resin system and demonstrate the potential of recyclable blades to combat issues

with end of life uses encountered with thermosetting blades.

1.7.1. Project Objectives

To that end, an investigation was undertaken into the application of post-process deformation in the
manufacture of ‘C’-shaped blades, starting from straight, hollow, resin infused airfoils. In addition, this
work investigates the deformation of the airfoil at the transition to the hub plate attachment and the

joining of the airfoil to the hub plate bracket. Ultimately, the findings were intended to provide the
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groundwork to inform decisions for larger scale manufacturing techniques applicable to a broader VAWT

commercialization strategy.

1.7.2. Motivation for Elium® Joining Study in VAWT Application

After the previous work of NREL using Elium® thermoplastics it was evident that using thermal bonding
techniques to join thermoplastic composites is far superior than to using adhesives. The benefits to using
thermal bonding techniques over adhesives include drastically decreasing the required preparation as well
as faster manufacturing times and higher quality bonded joints. This study focuses on identifying the best
surface texture for heat welding created by consumables used in the resin infusion process. The ability to
bond the airfoil spar to root hub bracket was the primary joint this research focused on. These brackets
can be seen in blue in the figure below. An additional benefit to this study was also if the team could not
successfully thermoform the 90° bends in the airfoil the contingency plan would be to manufacture
composite Wing-To-Strut brackets seen in yellow in Figure 12 below and bond the brackets in place to

create the bend in the airfoil.

Wing to Strut
L Bracket

Strut to Hub
Bracket

Airfoil Strut

Potential locations
for bonding

Airfoil Wing

Airfoil Wing

Airfoil Strut

Wing to Strut
L Bracket

Figure 12: Potential locations for fusion bonding in initial VAWT Design
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The method for attaching the blades to the root hub was specified by Steelhead Composites to be a three-
bolt pattern that allowed the blade sections to be attached to the rotating hub at the two Strut to Hub
brackets seen in Figure 12 and again in the updated CAD model that included the fusion bonded blade to

root hub bonded joints seen in Figure 13.

Figure 13: Upper and lower airfoil blade strut to hub attachment points
The original plan for mounting the blades to root hub was a metal mounting bracket that was to be
inserted into the airfoil and the airfoil would be attached using traditional mechanical fasteners, the holes

for which can be seen in Figure 14.

Figure 14:Baseline rotor assembly with metal mounting bracket detail

It was evident that this method greatly increased stress concentrations due to the mechanical fasteners as
well as bearing loads where the blade would rest on mounting bracket. Additional reinforcement would
likely be necessary to support the loading conditions and decrease the likelihood of failure in the region.
This would have caused greater difficulty during manufacture since thickness throughout the blade was
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designed to be constant for manufacturability. In order to replace the T-shaped blades in Figure 14
experiments were carried to evaluate the effectiveness of fusion bonding via heat welding Elium®
composite plates to the VAWT which then could be bolted to the hub assembly. The feasibility of this
was evaluated by first bonding lap shear coupons to validate bonded joint strength and these values were

used to estimate the required bond area in the full-size assembly.

1.8. Research Hypothesis
With the objectives specified by Steelhead Composites and the lack of published literature on fusion

bonding Elium® thermoplastics, there was a need to further investigate the feasibility of manufacturing a
hollow airfoil with a high aspect ratio and increase the knowledge on the process of using bulk heating to
fusion bond structural components of thermoplastic Elium® composites. With the information presented
in prior literature finding that additional matrix material at the bondline improves bond quality and as
Elium® is manufactured using a liquid molding technique such as a resin infusion, the question arose if
the consumables used in manufacturing fiber reinforced Elium® thermoplastic composites via resin
infusion could contribute to higher bond quality. Specifically, how could the use of different consumables
that provided varying degrees of additional matrix at the bondline affect and the effect of surface
roughness produced by consumables effect the quality of bonded joints? The research objective of this
project was to address the hypothesis that utilizing infusion consumables that increased the amount of
neat resin at the bondline would improve the quality of bonded joints and thus would allow the team to
manufacture the Steelhead VAWT blades from entirely out of carbon fiber reinforced Elium® laminates

providing a higher quality end product than adhesively bonded sections of airfoil or mounting brackets.

1.8.1. Research Approach and Methods
The method for answering the research hypothesis and the completion of the IACMI/Steelhead project

were addressed in conjunction. The preliminary task of the VAWT project was to demonstrate the ability
to use resin infusion molding to create a hollow, carbon fiber reinforced airfoil section using Elium®

thermoplastic material. The assembly potential of fusion joining and post process deformation could be
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evaluated only if blade manufacturing was successful, therefore this document will cover briefly the
manufacturing process of the airfoil blade since it was a crucial aspect of manufacturing samples to test
fusion bonded joints. This will cover the early vacuum assisted resin infusion molding (VARIM)
approach taken to manufacture 32” airfoil blades, the evolution of consumables used to successfully
manufacture blade sections and the issues encountered when manufacturing early blade sections. It will
then cover the successful manufacturing of 64” blades with glass blades and then the transition to
manufacturing with carbon fiber. After manufacturing blades successfully, it was then possible to
experimentally address the research hypothesis of factors contributing the strength of fusion bonded
joints. The ASTM 3528 Standard Test Method for Strength Properties of Double Lap Shear Adhesive
Joints by Tension Loading [50] was used to evaluate quantitively the strength of a fusion bonded joint
with a geometry similar to that would be found in the bonded airfoil attachment brackets. This document
then describes the testing and nomenclature related to ASTM 3528, the manufacture of double lap shear
(DLS) laminates to be bonded and then characterizes the surface roughness produced with varying
consumables of the adherends prior to being bonded. After samples were characterized the method of
compression molding sample coupons and various processing parameters are detailed. The results of this
research were then obtained by tension loading ASTM 3528 samples for strength data, by analyzing
failure methods and surfaces, and then with microscopy imaging to investigate and qualitatively correlate
the visual quality of the bonds to data obtained in strength data testing. With strength testing data, failure
analysis trends and microscopy information results could be discussed and correlations between
additional matrix at the bondline and surface roughness could be determined. Having the information
obtained from lap shear testing of the laminates the overarching VAWT turbine project was able to
procced with full scale manufacture of 3.4-meter blades, thermoforming the C-shaped blade sections, and
fusion bonding the blade to root hub attachment points to complete the manufacture of the prototype.
Additional conclusions are addressed in the final section that review the benefits of manufacturing the
blade via resin infusion, the success of fusion bonding assembly methods with Elium®, the effect of

surface roughness on bond quality and recommendations for further study.
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2. EXPERIMENTAL MANUFACTURE OF VAWT BLADE PROTOTYPE

This section reviews the process undertaken to manufacture turbine blade sections that would then be
used to investigate the feasibility of fusion bonding experimentation. The following details the blade
geometry that was selected by Steelhead Composites and how it was selected, then discusses the process
that was undertaken to achieve repeatable quality results in manufacturing blade sections. The
manufacturing process is documented as well as the evolution of consumable materials and issues
encountered by the team during manufacturing that needed to be overcome to continue to full scale
assembly. This section concludes with the transition from 32” molds to 64”” molds and the transition from
glass fiber reinforcement to that of carbon fiber reinforcement that would be used in the final VAWT

prototype.

2.1. Blade Geometry and Selection

The blade geometry was selected by Steelhead Composites with guidance from the National Renewable
Energy Laboratory. After comparing the NACA 0012 and 0015 blade profiles the NACA 0015 was
selected due to the higher power coefficient produced at various tip speed ratios (TSR) calculated via
CFD and FEA analysis by NREL and Steelhead. NACA 0015 with a 6” chord length gave a height of
.72 which was a major factor in the method of manufacture and for determining ply layups to meet

performance requirements of less than 2” deflection during constant wind speeds of 60 mph.

2.2. Early VARIM Manufacturing Process

It was decided early in the project to manufacture the VAWT blades as hollow, high aspect ratio sections
and this directed the team to manufacturing via a resin infusion process using a Vacuum Assisted Resin
Infusion Molding (VARIM or RIM) process. This process has been traditionally used with liquid
thermosets to create high volume fraction advanced composites, however with the advent of the infusible

reactive polymer Elium®, the team was able to attempt to manufacture a thermoplastic blade to meet goal
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for recyclability and experiment with fusion bonding and post process bending to create the desired C
shape. The infusion and vacuuming bagging process can be seen below in Figure 15 which from left to
right illustrates the resin inlet and outlet, initially using a semi-permeable membrane Dahlpac shown in
blue and spiral tubing with red resin flow media on both sides of the airfoil. The next image shows the
inner vacuum bag setup and mandrel used to position consumables including peel ply and dry fiber within

the mold, the third image shows the preform in mold, while the fourth and fifth images show the fully

bagged mold, and airfoils after demolding.

Figure 15: Initial manufacturing process to infuse a 32 ”-long hollow airfoil cross section

The preform has a resin inlet at the top and an outlet on the bottom, where both the inlet and the outlet run
the length of the mold. The outlet material (Dahlpac - blue) is a semipermeable membrane that allows air
to flow through while preventing resin from leaving the system. The mold is envelope bagged with an
inlet on one side and the outlet on the other side of the mold. The resin flows down the length of the inlet,

wetting out the top of the preform before flowing radially around the mold to the outlet.

2.3. Evolution of Manufacturing Process and Infusion Consumables

Many trials using different expendable materials and process techniques were attempted by the CSU team
before a final process was defined that resulted in good repeatability and successful part infusion. While
infusing the blade sections there were five specific variables altered to control the infusion. This included:

i) the resin inlet and outlet material type ii) resin inlet and outlet location iii) flow media type iv) lateral
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break zones in infusion materials and v) lengthwise break zones of infusion materials. Figure 16
illustrates the concepts described in the evolution of the infusion process. In this approach the inner
tubular plastic vacuum bag (c) is placed over a simple flat plastic mandrel (b) and the infusion
consumables (d) including flow media, a resin inlet, and a vacuum outlet are positioned on the inner bag.
The fiber reinforcement (e) is wrapped around the infusion consumables and then placed in between the
upper and lower clamshell style mold halves. Another larger tubular plastic vacuum bag is pulled over the
mold and sealed to the inner bag, resulting in an envelope bag that consolidates the fibers to the inside
mold surface and holds the mold halves together. Additional variables that were considered were the
leading and trailing edge break zones (f) illustrated by the red regions in Figure 13 as well as lengthwise

break zones along the length of the mold.

Upper Mold Half

__________ FP=======
1

I b)Removable ! d) Infusion 1
! mandrel I consumables
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f) Trailing Edge

e) Fiber Preform 1
I break zone
1

Leading Edge ’/)
[/

(

Trailing Edge

break zone

c) Inner
vacuum bag

f) Leading Edge I

a) Glass/Epoxy [ Lower Mold Half
Clamshell Mold

Figure 16: Schematic of material placement and infusion terminology
During initial manufacturing trials the team encountered multiple issues that caused difficulty producing
the desired quality airfoil. The first challenge was positioning the mold halves to correctly orient the
preform within the mold. This caused the preform to get pinched within the mold halves which created
dry spots along the leading or trailing edge or excessive resin flash between the molds. This problem was
mitigated by using bolted connections as well as a rubber gasket in between mold halves to prevent

flashing.

29



The next and major challenge was obtaining a quality composite part that was free from defects and dry
spots in the laminate. The team went through multiple iterations and varied things such as inlet and outlet
material, the location of the inlet and outlet, as well as the leading and trailing edge break zones illustrated
in Figure 16. The evolution of material placement and locations can be seen in Figure 17 with the black
outline representing the dry fiber placement and the infusion consumables placed inside. To begin the
study first infusions used traditional high-density polypropylene grid infusion flow media (shown in red).
Flow media is highly permeable compared to the fiber that it is trying to impregnate, and it aids in
moving resin throughout the dry fiber. However, it was determined that the flow media needed to be
restricted in some areas for without break zones along the leading and trailing edges the resin had free
flow to travel along the length of the mold due to the lower permeability in these areas which did not
allow significant time for the fiber in other sections of the airfoil to wet out. As the process evolves in
Figure 17 it can be seen that break zones along the leading and trailing edges were necessary to prevent

resin from racing along the edges.

Another development in early trials was the location of the resin inlet and vacuum outlet had a major
effect on the composite quality. Early iterations had the inlet on the lower mold surface as seen in
Infusions 1-4. It was eventually realized after experimenting with having the inlet placed at the leading
edge seen in infusion 5 that the best results were obtained from placing the inlet on the upper mold
surface. As for the vacuum outlet the placement was originally on the upper mold surface and the team
used both flow media wrapped in peel ply (Infusion 1) as well as spiral tubing wrapped in peel ply
(Infusion 2). However these methods allowed excess resin to escape the composite before the entire part
was wet out so the switch to Dahlpac MC79, a semipermeable membrane shown in blue in Figure 17, first
used in Infusion 4 that allowed air to flow through the part while preventing resin from leaving the system
and gave better fiber wet out throughout the entire part. The location of the Dahlpac was varied, again
beginning on the upper mold half, but eventually the best results were obtained with the Dahlpac located

on the lower mold surface with the resin infusion inlet on the top seen in Infusion 6.
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Figure 17: Evolution of infusion material placement and consumables

The initial manufacturing approach, shown in prior images produced a glass fiber reinforced Elium®
composite with a hollow airfoil cross section; however, this process was inconsistent and large dry spots
along the leading and trailing edges were commonly observed. The limited repeatability of this process
was attributed to poor control of the position of consumables and unintended pleating of the inner vacuum
bag and peel ply. The team began the study using spiral tubing coupled with peel ply and polypropylene
infusion flow media however the resin distribution was uneven, the inlet tube often and other
consumables were shifted when vacuum pressure was applied to the inner bag and it was difficult to
nearly impossible to remove from consumables from the part after infusion due to the relatively high
release force of the peel ply as well as consumables becoming physically trapped along the trailing edge..
The use of Dahlpac semi-permeable membrane drastically improved the manufacturing process and
provided enough evidence that the team needed to begin using simpler consumables specifically designed
for infusion. Additionally, it was also necessary to scale up to larger 64” molds for the 32" mold did not
provide enough information to test to the scalability of the process to ultimately be able to infuse blades

up to nearly 12 feet long.

2.4. Transition to 64” Mold

Initial trials of the 64” mold began to focus on reducing the number of consumables as well as the

complexity required through the implementation of infusion-specific materials. Removing the inner bag
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and the two strips of flow media was one of the most challenging aspects of processing due to the size of
the blade and tooling. The greatest breakthrough came with the use of Compoflex® RF3, a combination
of distribution media and peel ply that greatly simplified the manufacturing process as it reduced the
number of consumables required, replacing both the peel ply and polypropylene flow media used prior.
The team additionally switched to EnkaFusion Filter Jacket, a three-dimensional "V" shaped nylon mat
core encased in a thermally bonded, nonwoven polyester sock designed specifically for resin infusion that
allows for maximum resin infiltration and ensures even resin distribution. Dahlpac MC79, shown as the
blue strip in Infusions 4-6 in Figure 17, as well as in Figure 18 was chosen for the vacuum outlet as it has
a low profile and prevents resin from flowing out of the system while maintaining vacuum throughout the
infusion. Jacketed Enka fusion, shown as the green strip in Figure 18, was determined as the preferred
resin inlet material due to its low profile which increased the available space inside the airfoil and reduced
the effort required to remove the consumables. Additionally, the Compoflex® had a much lower release
force than the previous peel ply, facilitating the removal of the consumables. Figure 18 shows the final

infusion consumables selected after successfully infusing 64 molds.

Glass/Epoxy

EnkaFusion Resin Inlet (2”) Clamshell Mold

Compoflex RF3
Release Film
Flow Media

Resin flow path
around leading
edge

Resin flow path
around trailing
edge

Stitched Triaxial Glass Dahlpac MC79 Resin Inner Polytube
Fiber Outlet (2") Vacuum Bag

Figure 18: Cross section view of consumable materials for infusion
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Additional variables that allowed the team to begin successfully producing quality airfoils was adjusting
resin flow during infusion using various size inlet and outlet tubing to limit the volumetric flow rate of
resin into the part. In early trials resin rapidly moved along the length of the EnkaFusion inlet media
however if this occurred too quickly there would be dry spots along the leading and trailing edge of the
airfoil due to short circuiting down the length of inlet media and lack of material in those areas. The team
discovered it was necessary for the inlet media to fully fill along the length of the airfoil then resin flow
was limited to allow the wetted perimeter of the airfoil to gradually fill. This concept is illustrated with
the resin path arrows in Figure 18. An additional issue the team needed to mitigate was caused by the
exotherm of the Elium® resin during the polymerization process. Since the resin inlet located on top of
the airfoil contained relatively large volumes of resin these areas resulted in higher temperatures that
compromised the inner polyethylene vacuum bag therefore a switch to a higher temperature bag was
required. Additionally, when the exotherm occurred the resin would boil resulting in areas of high void
content in localized regions. It was then necessary to cool the molds by placing bags of ice on top of the
epoxy molds once a temperature of 50°C was reached within the mold. After addressing the issues with
the infusion specific consumables, gaining the ability to remove the consumables from the infused airfoil,
adjusting resin flow rates, and by controlling the exotherm of the resin the team began to repeatably

infuse quality airfoils free from major defects.

2.5. Successful Infusion and Trials with 64” Mold

After addressing the modification discussed above the team began repeating the process and
manufacturing quality airfoils of 64” molds. The finalized process is illustrated below in Figure 19.
Figure A shows the consumables used which consisted of the Dahlpac MC79 resin outlet, two strips of
Compoflex® RF3 for the upper and lower mold surfaces and the higher temperature polytube bagging
material. Figure B illustrates the process of wrapping the consumables around the inner mandrel and
vacuum bag, then placing the three layers of E-TLX 2400 (0/45/-45 Warp) Stitched Triaxial E-Glass

Fabric from Vectorply. Each ply had a thickness of 0.035 in. (0.89 mm), an areal weight: 26.11 oz/ yd2
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(885 g/ m2) giving an overall laminate thickness of 0.105 in (2.67 mm). Once the glass fiber preform was
placed in the mold the upper half of the mold was placed on top, the entire mold was envelope bagged,
the outer envelope bag and inner polytube bag were sealed and then air was evacuated from the system
closing the mold halves together and consolidating the fiber preform to the inner mold surfaces. Then the
infusion took place and figures C illustrates the completed 64” airfoils and figure D shows a cross section

view of the consumables used and once they were removed from the interior of the airfoil.

IE KaFusion Resin Inlet (2" ' Stitched Triaxial Glass Glass/Epoxy Inner Polytube
nkaFusion Resin Inlet (2") Fiber Clamshell Mold Vacuum Bag

Dahlpac
MC79 Resin
Outlet (2”)

Compoflex RF3
Release Film
Flow Media

Figure 19: Manufacturing of 64 glass fiber airfoil blades, including consumables, positioning in mold, and after infusion

2.6. Carbon trials with 64 Mold

Minimal changes to the manufacturing process were required to transition from glass fiber airfoils to
carbon fiber airfoils manufactured using braided and stitched uni-directional (UD) carbon fiber
reinforcement. Figure 20 below illustrates the sequence of steps required to transition to manufacture
carbon fiber blades. Image A in the figure illustrates the same consumables used from the glass fiber
airfoils explained in the previous section. Image B shows the 180z braided carbon fiber, supplied by
Highlands Composites and A&P, and the three plies of Vectorply C-LA 0912 stitched 90z UD carbon

fabric with integral 1.20z chopped glass mat which served as an integral flow media. The use of braid
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simplified the manufacturing process as it could be placed over the mandrel and rolled back over itself
capturing the UD fabric within illustrated in image C. This resulted in the final desired stacking sequence
[+45,03, +45] along the top and bottom of the airfoil, and [+45, £45] at the leading edge and trailing edge,
which was consistent with the planned reinforcement for the final demonstration blade set. Image D

shows the preform being placed in the mold ready to be vacuum bagged and infused and image E

illustrates the infused blade with consumables removed.

Infusion Dry Fibers Braid rolled Preform Infused airfoil
Consumables including first m) overUD, placed in mold- with

and inner layer of braid consumables, before consumables

mandrel and UD and mandrel infusion removed

Figure 20: Manufacturing process of 64" carbon fiber airfoils, illustrating UD & braided fabric usage, and completed airfoil
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3. FUSION BONDING EXPERIMENTATION AND METHODS

3.1. Demonstrate Fusion Bonding with Elium® Thermoplastic Composites

This study used the most basic of fusion bonding techniques, bulk heating, where composite laminates
were heated in a hot press until they were above Tg and pressure was applied to consolidate the laminates
together. The process began using glass fiber reinforcement and then into carbon fiber reinforced samples
to evaluate the feasibility of bonding end fitting plates into the airfoil blades of the prototype VAWT.
These experiments investigated both processing parameters as well as manufacturing consumables used
during the resin infusion process that altered the surface texture of the laminates to be bonded. ASTM
3528 was followed to determine the Double Lap Shear Strength (DLSS) of bonded specimens. The
following sections describe the process used to test coupons via ASTM 3528, the methods used to
manufacture the double lap shear adherends that produced the various surface textures to be tested,
characterizes the surfaces via surface topology measurements, and documents the processing parameters
evaluated to bond sample coupons together. The variables were first tested using glass fiber/Elium®
laminates. When acceptable values for lap shear strength were obtained for the glass fiber test samples,
the change to carbon fiber/Elium® sample testing took place using the surface texture and processing
parameters that displayed the most consistent and highest values for lap shear strength. The study
performed was not a full matrix analysis or attempt at optimizing joint strength since it was found that an
optimization of the joint strength would not be required for the loading requirements expected in the

VAWT.

3.2. Heat Fusion Bond Testing Overview

Experiments were carried out to evaluate the effectiveness of fusion bonding via heat welding Elium®
composite plates to the VAWT blade in order to determine the required bond area for loading conditions

as well as to compare heat welded shear strength values to those obtained using induction, resistance, and
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ultrasonic welding in prior literature. Surface texture was predicted to influence strength based on both
intimate contact development during the fusion bonding process and the resulting effective bondline
thickness thus four different surface textures of varying roughness and topology were investigated. This
was investigated by manufacturing lap shear adherends with four different surface textures that would
then be bonded in between the airfoil cross section. The inside surface finish of the airfoil sections was
held constant as that introduced by the Compoflex® RF3 which was necessary to manufacture the airfoil
sections. This is illustrated in Figure 21 where the dark blue line illustrates the Compoflex® surface
texture of the airfoil section and the dark red line illustrates the area of varying surface texture produced
in the lap shear adherends.

Airfoil cross section with
Compoflexinternal
surface texture

Lap shear adherends
with varying surface
textures

Figure 21: Description of sample coupon terminology

In total four different surface textures were investigated. The first three were produced only using
infusion specific consumables requiring no secondary processing before bonding. These included G-
FLOW™, Peel Ply, and Compoflex®. The final surface texture was manufactured using Compoflex® to
create a resin rich area at the laminate surface after which the adherend was molded to create a uniform
flat surface with little variation in roughness or waviness. This was a control to determine the effect of
having a resin rich bondline without having a rough textured surface. The bonding parameters
investigated the processing variables of (i) applied pressure, (ii) cooling method, and (iii) time at
temperature. The temperature evaluated was fixed at 200°C, based on the Elium® 150 properties. The
pressures were 185 psi and 370 psi and the times at temperature evaluated were 5 minutes and 10

minutes.
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3.3. Experimental Testing via ASTM 3528
3.3.1. Description and Nomenclature

Shear properties of the welded joints were determined using ASTM 3528 or the Double Lap Shear
Strength Test. This test essentially loads a bonded joint in tension and eliminates peel stresses often
created when testing using only single lap shear tests. This test was selected due to the geometry created
when joining the airfoil cross section to the strut to root hub attachment plate having bonded joints on
both the upper and lower surfaces of the plate. Additionally, manufacturing sample coupons for DLS
testing via compression molding was nearly identical to how the final blade and strut to root hub plates
would be bonded.

The geometry of the sample coupons to be tested are shown below in Figure 22. Test specimens are
comprised of two 4.25” x 1 laminates separated by 0.1” and bonded on the top and bottom faces with a
second adherend providing an overlap of 0.5” for a total shear area of 1”. The top and bottom adherents
that simulate the airfoil blade are half the thickness of the 4” coupons to create an equal cross section
throughout the joint. After being cut to the proper dimensions the test specimen is loaded in tension at a
rate of .05 “/min and loaded until failure. After the specimen has failed the maximum load, type of failure,

and images of the fracture area were recorded.
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Figure 22. ASTM 3528 Double lap shear sample configuration and definitions according to ASTM International [50]
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3.4. Materials and Manufacture of Double Lap Shear Laminates

Initial manufacturing of airfoil sections was completed using an 885 gsm stitched triaxial fabric E-TLX
2400 with a [0,%45] orientation. Since the airfoils used for bonding trials had a thickness of three plies of
triaxial fabric which was roll wrapped around the internal mandrel this resulted in a [0, +45]; stacking
sequence with a total thickness of 0.105 in (2.67 mm). The airfoil laminate positioned +45 ° fibers on the
internal side of the airfoil that would be bonded to the DLSS adherends. This was advantageous as it
oriented +45° fibers to resist the shear forces that would be seen during testing. The airfoil section can be
seen below in Figure 23 which illustrates the thickness described and the rough Compoflex® surface on

the internal portion of the airfoil.

Figure 23: Glass Fiber Airfoil Cross-Section

The lap shear adherend laminates to be bonded between the airfoil cross section were required to be
double the thickness of the airfoil to match ASTM requirements, therefore they were made from six plies
of the same fabric. The stacking sequence for the six-ply laminate was [+45,0]ss giving a total thickness of
.21 in. (5.67 mm) This was to orient the +45 plies on the top and bottom surfaces to resist the shear
stresses in the joint when loaded in tension. The 885 gsm stitched triaxial fabric E-TLX 2400 has a
[0,£45] orientation and.. The glass fiber airfoil can be seen in Figure 23: Glass Fiber Airfoil Cross-

Section.
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3.5. Double Lap Shear Coupon Adherend Manufacture

Laminates for DLSS testing were manufactured via a vacuum assisted resin infusion molding process.
The three lap shear adherend laminates using the original surface texture (non-molded surfaces) were
manufactured simultaneously by having a single dry fiber preform approximately 710mm x 710mm
(287x28”) divided into three separate sections each containing a different surface ply or flow media that

provided varying degree of roughness as seen in Figure 24 below.

Compoflex Peel Ply

-uE

Figure 24: Glass Fiber/Elium® Plate manufactured to give three distinct surface textures

The first material shown in yellow in the figure was Compoflex® RF3, a combination of peel ply, release
film and flow mesh (300 gsm), used to control flow rate, distribute resin and release consumables from a
composite laminate. The second section illustrated in green utilized a standard green polyethylene flow
media on top of Release Ply Super A from Airtech, a heavy weight (139 gsm) nylon peel ply. The nylon
peel ply was selected for its heavy weight and large weave to give a larger amount of surface roughness
as well as because nylon has been shown in prior research [51] to not leave any contaminants on the
bonding surface once removed. The final surface texture on the right of the image was created using G-
FLOW™, a structural flow media for infusion processes made with 100% glass fibers. G-FLOW™
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contains a heavy weave (500 gsm) of woven glass fibers which open mesh increases resin flow rates
during infusion without adding an external or internal flow media. The G-FLOW greatly increases resin
distribution and was expected to provide a resin rich area on the surface of the laminate. The three
surfaces can be seen in Figure 25 after removing vacuum bag as well as the Compoflex® and Peel Ply in
the left and center sections from the outer surfaces of the laminate. The vacuum bag was placed directly
over the G-FLOW™ since it is designed to be a structural flow media it was left in the laminate and not

removed prior to bonding.

ompoflex® | G-FLOW™

Figure 25: Surface textures created from a) Compoflex® b) Peel Ply ¢) G-FLOW™

This large flat laminate seen in Figure 25 was subsequently used as the feedstock to produce the flat
adherends for the double lap shear specimens. Compoflex® and Peel Ply were left on the laminate and
removed just prior to compression molding the double lap shear specimens to provide a fresh surface for

bonding and reduce the possibility of the surface becoming contaminated.
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Figure 26: Comparison of Compoflex® (Left) Peel Ply (center) and G-FLOW™ (right) surface textures
Figure 26 illustrates how the Compoflex® (left) and nylon peel ply (center) were removed from the
surface. The surface created by the G-FLOW™ had the largest vertical profile, however exhibited a
smooth texture as the vacuum bagging surface was directly on top of the laminate during infusion. The
Compoflex® had the second roughest surface followed by the Peel Ply. The figure illustrates the relative
roughness of each texture, the Compoflex® was the most varied and is visibly very different from the
peel ply. In the figure on the right the glossy G-FLOW can be seen in comparison to the more translucent
color of the peel ply as well as the difference in surface texture. Both the Compoflex® and Peel ply were
left on the laminate and removed just prior to compression molding the DLS samples to provide a fresh
surface for bonding and reduce the possibility of the surface coming contaminated. Since the G-FLOW™
and molded surfaces did not have a peel ply layer on the outermost surface, the sample coupons were
lightly sanded with 220 grit sandpaper and cleaned with acetone prior to bonding.

The final surface texture, that of a molded surface (MS) was manufactured during testing of airfoil
consumables and lap shear adherends were manufactured from this feedstock. The upper image in Figure
27 shows a laminate with dimensions of 12” tall by 32” long that was simulating the fabric layup used in
the early stages of airfoil manufacture. The sample has a Compoflex® surface in the center and outside
edges were the combination flow media was used to wet out the fiber. The vacuum bagged surfaces
highlighted are locations where the vacuum bag was placed directly on the laminate. The bottom figures
show the longitudinal view of the laminate, sections that were covered in Compoflex®, and the difference

between the smooth vacuum bagged surface and the rough textured surface of the Compoflex® section.
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Figure 27: Molded surface laminate showing regions of Compoflex® and vacuum bagged sections

Since the airfoil chord length was only 6” and with the tapered trailing edge, it was determined that
sections would be cut from the full-size laminate into 5 wide by 4.25” long (127mm x 108mm) samples
that were able to produce four 1”” wide quality welded lap shear coupons, the maximum that could be
manufactured using a section of airfoil as the 2" adherend. For each of the three surface textures that
were unmodified after infusion four 5 x 4.25” sections were cut shown in the left image below in Figure
28 that would provide a total of 16 individual double lap shear strength test tensile coupons. The image on
the right shows the sections that were cut from the molded surface (MS) panel in Figure 27. The set of
three pairs of MS lap shear adherends at the top of the figure had a uniform profile across the bonding
surface as they were cut transverse to the length of the plate however these were cut in a methods that
oriented the fibers in a 90° orientation to the tensile stress that was applied to the joint during testing. The

three pairs in at the bottom of the right hand image had approximately half of the surface with the
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Compoflex® surface finish and the other half with the vacuum bagged surface similar to the bottom right
image in Figure 27.

M.S. pairs with fibers
Compoflex adherend pairs Peel ply adherend pairs Molded surface adherend pairs  aligned in 90° direction

G-FLOW adherend pairs

M.S. pairs with fibers aligned in
0° direction

Figure 28:57x 4.25 " cut lap shear adherends with various surface finishes

Before bonding the sample coupons, the surface roughness was measured to characterize the surfaces.
This include measuring the profiles of the unmodified surface textures as well as measuring the surface
roughness of the molded surface adherends before and after they were compression molded to give a

smooth texture.

3.6. Double Lap Shear Coupon Surface Roughness

As described in the last section the three different consumables used to manufacture DLSS samples
produced four surfaces of varying surface roughness and textures. These surface textures will be further
referred to as i) G-FLOW, ii) Compoflex®, iii) Peel-ply, and iv) Molded Surface or MS. To analyze and
measure the variation in texture a Taylor Hobson Surtonic S25 surface profilometer was used to take
measurements of the sample coupons. Two roughness parameters, mainly the average surface roughness
(Ra) and the maximum surface roughness (maximum height of profile, Rz) were used to evaluate the
surface quality of the specimens used in this study. Additionally, the waviness profile is documented

which is determined by irregularities who’s spacing is greater than the roughness sampling length and less

44



than the waviness sampling length by the selected cut-off (Ic) wavelength. The waviness profiles are
compared qualitatively amongst specimens by taking profile measurements with a uniform cut-off
wavelength. Each of the four specimens was measured multiple times and average values are outlined in

Table 2.

Table 2: Surface roughness measurement averages

Surface | Peel G- G- Compoflex | MS- MS- MS- MS- Carbon
Texture | Ply FLOW™ | FLOW™ Vacuum | Vacuum | Compoflex | Sanded | Peel Ply
Upper Bottom Bag side | Bag Molded

Molded

Ra |161 |257 [273 |230um |483 [98um |06pm |2um | 15.81

um um um um um um
Rz 78.5 | 1145 |5.78 109.9 25um | 6lum |[425pum | 12.8 14 um
um um um um um
Rt 105.7 | 4475 | 23.6 140.4 45.6 105 ym | 6.6 pm 18.3 64 um
um um um um um um

The values documented above were profiled however the profile curves give a better representation of the
surface textures created by the infusion consumables. These were selected as they accurately captured the
surface profile and were not subject to numerous cut-off errors or overrange measurements that occurred
when taking measurements. The largest issue experienced was that the Surtronic S25 profilometer had a
maximum vertical range of 400 um which often proved too small to measure the larger asperities of the
roughest surfaces such as the Compoflex. This was mitigated by taking roughness measurements at
multiple points and adjusting to only measure the maximum asperity in regions, then measuring the valley
to get an accurate picture of the profile. Additionally, the waviness profile gives a good representation of
the form and overall surface of the bonded specimens. In the profile plots below the blue line is the as-
measured surface roughness and the waviness profile was created using the Taylor Hobson Talyprofile
Lite software using a Gaussian filter cut-off of 0.8 mm to construct the waviness profile. All plots
showing the red waviness line have a vertical scale of 400 um so a comparison between surfaces can be

easily made. Figure 29 illustrates the uniform, repetitive surface imprinted by the peel ply on the surface
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of the laminates that utilized this consumable. The average roughness Ra was 16.1 um and average peak

to valley distance was 78.5 pm.

um Waviness profile, Gaussian Filter, cut-off 0.800 mm
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Figure 29:Roughness (Blue Line) and Waviness (Red Line) Measured Profile of Peel Ply Sample Coupon

The second profile illustrated in Figure 30 is that of the G-FFLOW™ flow media that is a series of woven
glass fibers used to promote resin flow during infusions. Since the polyethylene infusion vacuum bag was
placed directly on the surface this created a very smooth surface, illustrated by an average roughness of
only 2.57 um. The fibers created large rolling hills and valleys that can be seen in the figure, with peak to

valley heights of over 100 pm.

um Waviness profile, Gaussian Filter, cut-off 0.800 mm
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Figure 30: G-FLOW™ upper surface roughness (blue line) and waviness (red line) measured profile

The next image, Figure 31 shows the lower molded surface of the G-FLOW™ sample adherends. Since
the G-FLOW™ was placed on the bottom layer of the laminate which was directly placed on the glass
plate used for infusion this surface was extremely uniform showed no waviness and had a roughness of

2.7 um.

46



um Waviness profile, Gaussian Filter, cut-off 0.800 mm

100

50

-50
-100—.
-150—-
-200—-

-250

0 ' 0.5 ' 1 ' 15 2 ' 25 ' 3 ' 3?5 mm

Figure 31: G-FLOW™ bottom molded surface roughness (blue line) and waviness (red line) measured profile

Figure 32 illustrates the wavy profile of the Compoflex surface finish with peaks and valleys with an
average peak to valley height Rz of 109.9 um. This value is under stated as mentioned previously as the
maximum range of the profilometer was only 400 um so there are areas that were truncated which can be
seen between the 0.5mm and 1.2 mm distance on the x-axis. This illustrates that the value for Rz and Rt
for Compoflex should be much greater than the numerical values measured and produced via the
Talyprofile Lite software. This image shows the most uniform display of waviness however other

measurements showed peak-to-valley distances in the Compoflex of upwards of 300 um.

um Waviness profile, Gaussian Filter, cut-off 0.800 mm
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Figure 32: Compoflex® roughness (blue line) and waviness (red line) measured profile
Figure 33 illustrates the as molded side of the vacuum bagged portion of the molded surface specimens
described in section 3.5. The figure illustrates the roughness and waviness still apparent after molding
sections of the vacuum bagged surface. It also shows the areas where the mold compressed surface
asperities, illustrated between the ranges of 0-0.5 mm and again from 1.7 - 2.7 mm. Compare this to

Figure 34 which illustrates the surface created by the molded region where the Compoflex flow media
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was located. This profile curve is shown with a vertical axis scale of 50 um so a comparison can be
illustrated in greater detail between before and after sanding the specimen. It is evident that the increase in
resin in the Compoflex generated a much more uniform bonding surface when compared to Figure 33.
The molded surface of the Compoflex section has a roughness (Ra) of only 0.6 um which was the lowest

value recorded.

um Waviness profile, Gaussian Filter, cut-off 0.800 mm
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Figure 33: Side of Molded Surface (VB Side) Coupon roughness (blue line) and waviness (red line) measured profile
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Figure 34:Molded Surface (CF Side) Coupon roughness (blue line) with 50 um vertical axis scale

The final surface profile measured was that of the molded section after sanding with 220 grit seen in
Figure 35 also shown using a scale of 50 um. It is evident after a comparison to Figure 34 which is the
molded section before sanding that sanding does not alter the waviness of the profile however it greatly
roughs up the surface. The surface roughness of the sample increased from 0.6 ym to 2.6 um in this
comparison. This can be assumed with other specimens that were sanded and thus the roughness was

slightly increased however the overall form of the surface does not change.
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Figure 35:Molded surface after sanding with 220 grit roughness measured profile with 50 um vertical scale

3.7. Compression Molding ASTM 3528 Sample Coupons

Once the 5” wide sections were cut to ASTM 3528 they were placed into aluminum tooling seen in Figure

36 that was machined to compression mold the DLS sample coupons.

Figure 36: Double Lap Shear Molding Jig

The dies were made from %” aluminum and the 1.1”x 0.1” deep cavity in the center positioned the airfoil
section while the 5” wide x .07”” deep machined area and the four dowel pins correctly oriented the
matching upper side of the die as well as positioned the plates being bonded to maintain a 0.1” wide
spacing between the 4.25” long coupons in accordance to ASTM 3528. The positioning of the sample
coupons can be seen in Figure 37. For each test sample plate, which would ultimately be cut into 4
double lap shear coupons, a short, 28mm (1.1”), length was first cut from an infused hollow airfoil. As

indicated in Section 2.1, the triaxial glass reinforced airfoil laminate was made from 3 plies with a
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processed thickness of 2.1mm (0.083”). The flat laminates were made up of 6 plies of the same glass

fiber reinforcement, resulting in a nominal thickness of 4.2mm (0.167”).

~ Positioning dowel pins
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Figure 37: ASTM 3528 Coupon Placement in DLS Molding Jig

To manufacture consistently sized composite double lap shear test plates fixturing was required to hold
the two flat laminate panels in alignment, with the correct separation and to accurately position the airfoil
section to generate a consistent bond overlap which is illustrated in Figure 37. The fixturing that resulted
was a set of identical matched dies. These dies were made from 19mm (34”) thick aluminum with areal
dimensions of approximately 200mm x 200mm (8x8”) to just fit into the heated press. A 28mm (1.1”)
wide by 2.5mm (0.1”’) deep trough, approximately 190mm (7.5”") long was milled in the middle of each
die half to position the airfoil section while a 127mm (5”) wide x 1.8mm (0.07””) deep machined area and
four dowel pins correctly oriented the matching upper die half and position the flat laminate plates being
bonded to maintain a 2.5mm (0.1”") wide spacing between the two 108mm (4.25”") long adherends, in
accordance to ASTM 3528. The die set and the positioning of the composite adherends can be seen in

Figure 38. Test sample plates were prepared by aligning the airfoil section and the two adherend flat
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laminate panels in one half of the die set and then placing the second die half on top and putting this
assembly in the hot press. The platens of the hot press were then closed, applying the specified
temperature and pressure for a predetermined period of time, which flattened the airfoil section onto the
two plates creating the joint which is illustrated also with the orange box in the diagram on the right of
Figure 38. The short airfoil section and these two flat laminate panels then needed to be assembled, by
sliding the two flat laminate panels inside the hollow airfoil section and crushing the airfoil, at
temperature, resulting in a fusion bonded test sample plate with a cross section consistent with the ASTM

requirements illustrated in Figure 22.

9”

4 usable DLS coupons

Figure 38: Glass samples positioned in DLS bonding jig

The resulting sample plate was then cut into four double lap shear coupons as shown schematically on the
right diagram in Figure 38. Thus, the final test specimens are comprised of two 108mm x 25mm (4.25” x
1) laminates separated by 2.5mm (0.1”’) and bonded on the top and bottom faces with a second adherend
(the flattened airfoil section) providing an overlap contact length of 12.7mm (0.5”) on each flat laminate
for a total shear area of approximately 645mm?2 (1 in2). The top and bottom adherends that simulate the
airfoil blade are half the thickness of the 108mm (4.25”) laminates to create an equal cross section

throughout the joint.
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3.8. Compression Molding and Processing Variables in DLS Bonding Trials

The samples were positioned in a Honacomp CM 8x8, a 20-ton molder with an 8"x8" platen, and the
upper and lower platens were heated to temperatures ranging from 180 °C to 200°C. Once the heated
platens, aluminum tooling, and composite laminates reached a uniform temperature pressure was applied
to the bonded area to consolidate the joint. The consolidation pressure ranged from 187 to 256 psi.
Additional variables investigated included the amount of time that consolidation pressure was applied and
the method of cooling after that time elapsed. Early trials were not cooled completely below T under
pressure, meaning that after the specified time consolidating elapsed, pressure was removed, platen
heaters were turned off, and the mold and bonded specimen were allowed to cool until at room
temperature when the molds could be opened. When it was realized via early testing that cooling under
pressure was critical a water cooled chilling machine was connected to the compression molding machine
and after the elapsed time at the correct consolidation pressure was reached the platen heaters were
powered down, water cooling was turned off, and the mold and samples were cooled under the specified
consolidation pressure until the mold was just above room temperature or below Tg of Elium® (110°C).
The left image in Figure 39 shows the Honacomp 20-ton compression molder, and the right images shows
the first sample bonded, referenced further as Bond Test 1 (BT1). It can be clearly seen that the
compression tooling applied pressure and significant melting occurred in the bonded region where the
composite laminate turned to a more translucent color. Visual comparison to subsequent welding samples

illustrated that this was a good predictor of bond quality.
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Figure 39: Honacomp 8x8 inch 20 Ton Compression Molder and preliminary bonding trial Bond Test 1 (BT1)

3.9. Double Lap Shear Strength Testing Procedure

After the adherends were bonded they were subsequently cut on a water-cooled tile saw and then wet
sanded to mitigate damage to the outer edges of the coupons. The 1” width tensile coupons for ASTM
3528 testing can be seen below in Figure 40. After cutting samples to the correct size according to ASTM
3528 measurements were taken so the lap shear strength could be calculated and any discrepancy between
the four coupons across the bonded joint could be analyzed. The measurements taken included the airfoil
width (blue), the bond width (red), and the bond thickness (yellow). The airfoil width and bond width
were used to calculate the shear area assuming a 0.1 spacing according to ASTM 3528. Even though the
airfoil section was cut to exactly 1.1” prior to being molded there was a small amount of variance after
molding the coupon, so these values were taken into account when calculating the shear strength. Once
coupons were measured, they were loaded into an ATS Series 900 load frame using wedge-lock grips to
transfer load into the double lap shear coupons. The joints were loaded at a rate of 0.05 in/min (1.27
mm/min) according to ASTM standards. When each specimen failed the maximum load was recorded,

load and displacement data was recorded, and images of the fracture were recorded.
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Figure 40: ASTM 3528 tensile coupon and measurement locations

3.10. Glass Fiber Double Lap Shear Bonding Trials and Processing Parameters

Initial testing with glass samples was carried out to validate that the compression tooling could adequately
apply pressure to the bond area and that the heated platens and aluminum tooling adequately heated
material above Tg to allow the fusion bond to occur. After it was established that the aluminum tooling
could bond the laminates together, a comparative evaluation was performed using glass fiber reinforced
laminates so it could be determined what infusion consumables should be used when attempting to
manufacture the strut to root hub plates in the final manufactured VAWT in addition to the processing
variables worked well fusion bonding Elium® thermoplastic so the variables could be used when
processing carbon fiber reinforced laminates. Table 3 below lists the 17 trials that were performed to
develop a processing technique sufficient to proceed to testing using carbon fiber. Each bonding trial

produced four lap shear coupons for a total of 68 individual tests of glass fiber reinforced coupons.
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Table 3: Glass fiber fusion bonding processing variables and trials tested via ASTM 3528

Surface Texture Consolidation Cooled under | Hold time
pressure applied pressure at 200°C

# Expeqdable Sanded with
Material used at 220 Grit
Surface (MPa) (psi) (minutes)

1 | Compoflex®RF3 | No 1.28 185 Yes 5

2 | Compoflex®RF3 | No 2.56 370 No 10

3 Compoflex®RF3 Yes 2.56 370 Yes 10

4 | G-FLOW™ Yes 2.05 296 No 5

5 | G-FLOw™ No 1.28 185 No 10

6 | G-FLOwW™ No 2.56 370 Yes 10

7 | G-FLOW™ No 1.28 187 Yes 10

8 | Peel Ply No 1.28 185 No

9 | Peel Ply No 2.56 370 Yes

10 | Peel Ply Yes 1.28 185 Yes

11 | Peel Ply Yes 2.56 370 Yes
Molded Surface-

12 (VB/CE) Yes 2.56 370 Yes 10
Molded Surface

13 (VB/CE) Yes 1.28 187 Yes 5
Molded Surface

14 (VB/CP) Yes 1.28 187 Yes 10

15 | Molded Surface- | ¢ 256|370 Yes 10
Uniform Surface

16 | Molded Surface- ) g 2.56 370 Yes 5
Uniform Surface
Molded Surface-

17 Uniform Surface No 1.28 187 Yes 5

3.11. Carbon Fiber Double Lap Shear Bonding Trials and Processing Parameters

Based on these results for the glass fiber reinforced Elium® 150 results, 10 carbon fiber reinforced
Elium® 150 specimens were created using the parameters judged best. The carbon fiber reinforced
double lap shear specimens were produced at 180°C, 150psi, held for 10 minutes at temperature and
pressure and cooled in the hot press. The surface texture on the flat plates was molded in using peel ply
and the inside surface of the airfoil was that of the Compoflex®. Once testing was completed with the

glass fiber samples testing was performed on Elium® laminates with carbon fiber as the reinforcement.
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The samples were manufactured using a +45 biaxial and two uni-directional non-crimp fabrics from
Vectorply to obtain a plate thickness twice that of the laminate in the airfoil. The airfoil was infused with
a stacking sequence of [+45, 0]s using the CBX-0900 +45 Biaxial NCF (300gsm & 0.48 mm thick) and
CLA-0912 0° UD NCF (352 gsm & 0.6mm thick) giving a total thickness of 2.16 mm. The plate was
infused with a stacking sequence of [+45, 0:]s using the CBX-0900 +45 Biaxial NCF (300gsm, 0.48 mm
thick) and heavier weight CL-1800 0° warp unidirectional non-woven (590 gsm, 0.9mm thick) giving a
total thickness of 4.56 mm , slightly twice the thickness of the airfoil. The carbon samples were all
manufactured using a standard green flow media and the nylon Super Release A peel ply as this gave the
best results in the preliminary bonding trials using glass fibers. Processing variables are documented in
Table 4 below. All tests were performed without sanding as the results from glass fiber testing showed
that sanding had little effect on bond quality. Additionally, the samples were all cooled under pressure
since that was a major conclusion from previous trial. The variables that were altered to account for the

increase in thermal conductivity was the hold time at 200°C and the consolidation pressure.

Table 4: Carbon fiber fusion bonding processing variables and trials tested via ASTM 3528

Surface Texture Consolidation Cooled under | Hold time

u Expen.dable Sanded with pressure applied pressure at 200°C
Material used at 270 Grit ' '
Surface (MPa) (psi) (minutes)

1 Peel ply No 2.56 370 Yes 10

2. | Peel ply No 1.28 185 Yes 10

3 Peel ply No 2.56 370 Yes 10

4 | Peel ply No 2.56 370 Yes 20

5 Peel ply No 1.28 185 Yes 10

6 Peel ply No 1.28 185 Yes 5
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4. EXPERIMENTAL RESULTS AND DISCUSSION

The results outlined below were obtained by loading ASTM 3528 double lap shear coupons in tension to
attain values for lap shear strength characterized by the maximum load at failure. The resulting failure
methods and surfaces were documented to determine the resulting quality of the bonded joint. Digital
microscopy imaging was used to analyze both the surfaces of unbonded adherend samples as well as
bonded areas, to qualitatively correlate to data obtained in strength testing data and the resulting failure
analysis to trends seen in the microscopy imaging. With strength testing data, failure analysis trends, and
microscopy images, results are discussed and correlations between additional matrix at the bondline,
surface topology of adherends, and bonding parameters from these results can be used in the final VAWT
assembly. The majority of analysis was performed on the glass fiber samples, results from the carbon
fiber samples are summarized however further research is needed to draw significant conclusions for

fusion bonding carbon fiber reinforced samples.

4.1. Glass Fiber Double Lap Shear Strength Testing Results

4.1.1. Overview

The glass samples tested showed a wide range of values for shear strength but overall produced adequate
results. The shear strength results were much higher for glass fiber reinforced than carbon fiber reinforced
Elium® which is evident in Figure 41 which documents the average shear strength displayed by each
surface texture tested. The highest average was from a preliminary experiment labeled Bond Test 1 that
was used to verify the tooling created to manufacture the ASTM 3528 double lap shear coupons was
effective at creating the bonded joint. This experiment utilized a peel ply surface finish however only four
coupons were tested and processing variables (consolidation pressure) were not consistent with later
testing variables. It is only highlighted in this figure because it displayed similar results to the other peel
ply samples. Of the four surface textures tested the peel ply performed the most consistently. The average

value for all peel ply specimens was 14.3 £ 1.9 MPa. The Compoflex® also performed well and produced
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the highest performing induvial average. The average for all Compoflex® samples tested was 12.35 £ 3.5

MPa illustrating a much wider variability than the Peel Ply samples.

Average Double Lap Shear Strength (psi) by Surface Texture

E 2500 H Bond Test 1

ﬁ: 2000 H Peel Ply
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Figure 41: Average values for double lap shear strength by surface texture

The molded surface texture laminates performed poorly, having an average strength of only 11.4 + 2.0
MPa, (1656 + 290.4 psi) however this value doesn’t represent the full range of variables that were
supposed to be examined as half of the mold surface specimens failed within the adherend so values for
the bond strength were not obtained. Additionally, half of the molded coupon had a non-uniform vacuum
bagged texture on half of the specimens that performed far worse than the area where the resin rich
Compoflex surface was located. The average value for lap shear strength of G-FLOW™ samples was
9.02 £2.14 MPa (1308 + 310 psi) which was the worst of all four surface finishes tested using glass fiber
reinforcement. The highest performing peel ply and Compoflex trials produced statistically the same
values of double lap shear strength value with the Compoflex® RF3 surface finish at 15.8 + 0.4 MPa
versus 15.5 = 0.4 MPa for the Peel Ply surface finish. Figure 42 illustrates the full range of strength
results from all glass fiber specimens tested. The colors of data series match those observed in Figure 41,
the blue samples show the trend of peel ply specimens, the Compoflex is shown in orange, G-FLOW™
again is illustrated with grey circles, and mold surface coupons are shown in green. The highest average
strength produced from all specimens was 16.1 MPa which was roughly 73% of the shear strength of neat

Elium® resin quoted from the technical data sheet, which for the purposes of this study were conclusive
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to move onto further bonding trials and manufacture of the VAWT prototype. Discussion of individual

trends for each of the surface textures are described in section 4.2

ASTM 3528 Double Lap Shear Strenth of all Glass Fiber Coupons Tested
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Figure 42: Lap Shear Strength Produced with Varying Surface Textures

4.2. Surface Texture Effect on Bond Strength

Surface texture was predicted to have an effect based on both contact area during the heated compression
and the effective bondline thickness. The surface texture was varied through the use of different
expendables in contact with the two surfaces of the flat infused laminates. The inside surface finish of all
of the airfoil sections was held constant as that introduced by the Compoflex® RF3 which was used in all
the airfoil sections of interest. The effect of surface texture had the largest effect on weld quality and there
were clear differences in the strength values produced with each surface. Key takeaways are documented
in the following sub-sections and then a final discussion of the results including interpretations from

fracture testing and microscopy imaging are reviewed in section 4.6.
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4.2.1. G-FLOW™ Bonded Samples
The samples created using G-FLOW™ as the exterior flow media did not display quality bonds and the

strengths exhibited were drastically lower than the other variables. The highest strength value obtained in
testing was only 10.8 MPa, half the quoted number for lap shear strength of Elium. The G-FLOW™
adherends had in essence two drastically different surface textures at the bond interface. The upper
surface where the laminate was vacuum bagged during infusion was a smooth wavy texture with large
amplitudes between peaks and valleys. The difference in these surfaces produced much lower values for
strength due to the inhomogeneity between the upper and lower bondline. More evidence of this

conclusion is supported by failure analysis in section 4.4 and microscopy images in section 4.5.

Table 5: G-FLOW™ lap shear strength values and corresponding processing variables

Trial | Sanded | Pressure | Cooled | Hold Lap Standard | Lap Standard

# with Applied | under time at Shear Deviation | Shear Deviation
220 (psi) pressure | 200°C Strength | (psi) Strength | (MPa)
Grit (Y/N) (minutes) | (psi) (MPa)
(Y/N)

GF1 | Yes 296 No 5 1111.3 | 2453 7.7 1.7

GF2 | No 185 No 10 1086.1 |244.0 7.5 1.7

GF3 | No 370 Yes 10 1564.3 | 234.5 10.8 1.6

GF4 | No 185 Yes 10 1473.6 | 258.9 10.2 1.8

4.2.2. Molded Surface Bonded Samples

The molded surfaces had the second lowest values for strength and the largest deviation in bond strength
observed between sets of molded coupons as seen below in Table 6. The highest performing trial of
molded surface tests was from MS3 which obtained an average shear strength of 11.8 + 2.5 MPa. The
highest performing individual sample reached a value of 14.8 MPa however a sample on the same trial
with the same processing variable had a value of 9.1 MPa. This large discrepancy between individual
coupons manufactured in the same trial was caused by the use of manufacturing samples from a separate
sheet of glass fiber reinforced Elium, not specifically designed for double lap shear testing which was
manufactured during infusion trials to simulate resin flow between Compoflex sections and vacuum

bagged areas that would be experienced in the airfoil. Half of the bonded samples were from areas where
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the vacuum bag was located which produced drastically lower results. The difference between the two
areas and the resulting quality of molded sections can be seen in Figure 43, the image on the left shows
the two varying regions produced by the Compoflex (blue arrows) and the vacuum bag (red arrows). The
image in the middle shows how the molded adherends appeared visually distinct with the Compoflex
region on the left being significantly more resin rich than the molded area on the right. This discrepancy
was seen in all three trials (MS1-MS3) where lap shear adherends were bonded in this orientation. In
trials MS4-MS6 the adherend orientation was altered by 90° so that the uniform molded surface was
uniform across the entire bondline. However, after altering the orientation by 90° the 0° fibers in the
triaxial laminate were thus oriented perpendicular to the applied tensile load during testing and exhibited
stock break failure and the bond strength was not able to be determined. The difference between the
vacuum bagged region and the Compoflex region was distinct, the vacuum bagged area exhibited an
average strength of 9.9 MPa while the samples from the resin rich Compoflex region with a more uniform

surface topography exhibited a value of 13.0 MPa.

Molded surface Compoflex Areas Resulting quality of molded sections stock break failure in MS4-MS6

MS Coupons bonded in 90° orientation
Molded surface Vacuum Bag Area

Figure 43: Difference between Compoflex areas and Vacuum Bagged areas in molded surface coupons

Table 6 reviews the cumulative results obtained from molded surface samples. The results are a bit
misleading as mentioned due to the variation in the bond interface in half of the samples from MS1-MS3,
however even the strength results from the uniform bonding surface created by the Compoflex area were

less than those obtained from peel ply and Compoflex surface textures.
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Table 6: Mold surface shear strength values and corresponding processing variables

Trial | Sanded | Pressure | Cooled | Hold Lap Standard | Lap Standard
# with Applied | under time at Shear Deviation | Shear Deviation
220 (psi) pressure | 200°C Strength | (psi) Strength | (MPa)
Grit (Y/N) (minutes) | (psi) (MPa)
(Y/N)
MS1 | Yes 370 Yes 10 1648.1 | 200.5 114 1.4
MS2 | Yes 187 Yes 5 1609.2 | 364.5 11.1 2.5
MS3 | Yes 187 Yes 10 1710.7 |3594 11.8 2.5
MS4 | No 370 Yes 10 . . . o
Failure in coupon due to inadequate fiber in
MS5 | No 370 Yes > adherend resulting in stock break failure
MS6 | No 187 Yes 5 8

4.2.3. Compoflex® Bonded Samples

Across all glass samples, Compoflex had an average lap shear strength of 12.35 + 3.5 MPa, however it
also displayed the highest standard deviation between the four infusion consumables examined. The
reduction in average strength was caused by trial CF1 that was not cooled under pressure. The average
strength for Compoflex would then be 14.9 MPa if CF1 was excluded. The Compoflex trials produced the
highest performing individual lap shear coupon which had a strength of 16.1 MPa. This was encouraging
since the internal surface of the airfoil that the blade to root hub bracket would be bonded was
manufactured using Compoflex. In agreement with prior literature the increase in available resin from the
Compoflex produced quality results. The results of all bonding trials are documented below in Table 7
and show that the best values were obtained from using higher pressure and a longer hold time. This is
likely caused by the additional time to melt and then flatten the larger asperities seen in the Compoflex

adherends.
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Table 7: Compoflex® lap shear strength values and corresponding processing variables

Trial | Sanded | Pressure | Cooled | Hold Lap Standard | Lap Standard

# with Applied | under time at Shear Deviation | Shear Deviation
220 (psi) pressure | 200°C Strength | (psi) Strength | (MPa)
Grit (Y/N) (minutes) | (psi) (MPa)
(Y/N)

CF1 | No 370 No 10 1067.1 |69.4 7.4 0.5

CF2 | Yes 370 Yes 10 2286.8 | 50.9 15.8 04

CF3 | No 185 Yes 5 2023.7 ] 69.6 14.0 0.5

In addition to the high values for strength obtained from the Compoflex surface, the failure mode of all
Compoflex coupons cooled under pressure shown below in Figure 44 was via fiber-tear indicating that the
bond between the airfoil and the adherends was sufficient to transfer loads into the adherend fibers. The
fiber-tear failure observed in these specimens illustrates that fusion bonded joints using this surface finish

are adequate to cause interfacial failure of the composite adherend which would be the limiting factor in

joint design.
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Figure 44: Compoflex® trials CF2 and CF3 all exhibiting cohesive fiber tear failure

4.2.4. Peel Ply Bonded Samples

Peel ply was the best performing surface texture. The average value for all peel ply specimens was 14.3 +
1.9 MPa. The results showed the lowest standard deviation across all samples tested which is further

improved when PP1 is excluded from the results because it wasn’t cooled under pressure. When
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excluding PP1 the average value for lap shear strength increases to 15.25 MPa with a standard deviation

of only 0.53 MPa. This uniformity of bonding values and low deviation across samples is why it was

chosen as the surface texture for testing with carbon fiber reinforcement. The highest performing sample

was un-sanded, molded at the higher pressure of 370 psi and held at that pressure for 5 minutes and

produced a maximum value of 16.0 MPa. The results of all trials are compiled in Table 8. The processing

results illustrate that there was little difference in sanded vs un-sanded specimens and that bonding at a

higher consolidation pressure yielded only slightly improved results.

Table 8: Peel ply lap shear strength values and corresponding processing variables

Trial | Sanded | Pressure | Cooled | Hold Lap Standard | Lap Standard

# with Applied | under time at Shear Deviation | Shear Deviation
220 (psi) pressure | 200°C Strength | (psi) Strength | (MPa)
Grit (Y/N) (minutes) | (psi) (MPa)
(Y/N)

PP1 | No 185 No 5 1679.3 | 286.2 11.6 2.0

PP2 | Yes 185 Yes 5 21452 | 87.4 14.8 0.6

PP3 | Yes 370 Yes 5 2239.6 | 26.5 15.4 0.2

PP4 | No 370 Yes 5 22519 | 645 15.5 0.4

4.3. Results of Processing Variable Effect on Glass Fiber Samples

Due to the complexity of the fusion bonding process there was no clear set of processing variables that

provided the best bond strength for all surface textures. It appears that the best bonding parameters varied

for each individual surface except for cooling under pressure which was evident in all bonding trials. The

highest performing specimens from each surface are illustrated in Table 9 which shows that different

variables were able to produce quality bonds.
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Table 9: Highest performing trials of all surface textures

Surface Texture Sanded | Pressure Applied | Hold time at Lap Shear
(Y/N) | (psi) 200°C (minutes) | Strength (MPa)

Compoflex (CF2.3) Yes 370 10 16.1

Peel ply (PP4.2) No 370 5 16.0

Molded Surface (MS3.2) | Yes 187 10 14.8

G-FLOW™ (GF3.3) No 370 10 12.8

The statistical significance between the processing variables of sanding, pressure applied and hold time
are indeterminant for all the samples tested and a conclusion cannot be statistically validated that one
variable should be used for all glass fiber surface textures. Interpretations though can be made on the
results shown in Table 8 that higher pressure and longer hold time did have an improved effect on
surfaces with a greater surface roughness (Ra) and peak amplitude of asperities (Rz) The Compoflex and
G-FLOW™ had the largest peak to peak maximum from the surface profile measurements documented in
Table 2 so it is reasonable to assume that the longer hold time of 10 minutes and higher pressure of 370
psi allowed sufficient time to achieve intimate contact, flattening asperities, and improving the quality of
fusion bonds. The peel ply and the molded surface which had fewer surface asperities required less time
and pressure to consolidate the asperities found on the surface of adherends. The molded surface required
a lower pressure which can be expected since the adherends already had a sufficiently smooth surface for
bonding, but the longer hold time allowed for longer time for intermolecular diffusion thus leading to
stronger bonds. With the peel ply the hold time was only tested at 5 minutes which was an oversight when
designing the DOE, but likely results would have improved with a longer hold time. The effect of
cooling under pressure was found to be statistically significant. This was validated by a Paired Two
Sample for Means t-test with a two tailed t-test resulting in a p-value of 0.0004. The difference in strength

values obtained from samples cooled under pressure to those without pressure is seen in Figure 45.
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Lap Shear Strength Comparison of Samples Cooled Under Pressure

Lap Shear Strength{MPa)

CompoFlex G-Flow Peel Ply

Figure 45: Comparison of strength values obtained when cooling samples under pressure

4.4. Glass Fiber Double Lap Shear Failure Mode Analysis

Resulting failure methods and surfaces were analyzed to determine the resulting quality of the bonded
joint. Failure modes were classified according to ASTM D5573 - Standard Practice for Classifying
Failure Modes in Fiber-Reinforced-Plastic (FRP) Joints, which gives 6 potential joint failure modes
including; adhesive failure, cohesive failure, thin layer cohesive failure, fiber-tear failure, light fiber-tear
failure, and stock break failure which can be seen in Figure 11 in the introduction. The major challenge
categorizing the failure modes was difficultly to visually observe the difference between adhesive failure,
where the failure is at the interface between the adherend and the matrix filled region and a cohesive
failure where the failure occurs in the matrix region between the airfoil and the adherend. Since there
wasn’t the presence of an additional adhesive intermediate material it was difficult to visually observe the
difference. Further visual inspection would be required to fully classify specimens as either adhesive or
cohesive failure, so cohesive failure was used if there were no signs of fiber tear and interlaminar failure
in the adherend.

Figure 46 illustrates the compilation of all glass fiber coupons tested via ASTM 3528. In can be seen in
the figure below as well as in Figure 44 and Figure 49 one of the airfoil-sourced adherends of the double

lap shear coupon generally was fully debonded from the coupon, while the second airfoil-sourced
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adherend remained attached to one of the flat plate adherends. This was extremely evident with G-
FLOW™ samples where the airfoil debonded from the vacuum bagged wavy surface rather than the
smooth molded surface on the bottom of the adherend.

Bond Test 1 Samples
LA J -n SAREESN

GFLOW Samples Molded Surface Samples

SESESEEEEEEEEEEEEEEEEES
BENNSERANENSSEEANEES

Compoflex Samples

peel ply Samples
Figure 46: Collection of glass samples for failure analysis

The following subsections describe the failure modes observed by the glass fiber fusion bonded samples.
A review of the failure modes across all samples is illustrated in Figure 47 which shows how specimens
failed in regard to each surface texture. It can be seen in this figure that most specimens exhibited three
forms of failure, fiber tear shown in green, light fiber tear illustrated in blue, and cohesive failure in
yellow. The only surface finish that failed completely in cohesive failure was G-FLOW™, all other

samples showed signs of fiber tear.
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Failure Mode Percentage by Surface Texture
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Figure 47: Failure mode percentage by surface texture

4.4.1. Cohesive Failures

Cohesive failure was characterized by the failure within the bonded region without significant damage to
either the adherends of the airfoil straps bonding the two. This type of failure suggests that only mild
fusion bonding occurred between the adherends and the airfoil. This was likely caused by voids or defects
at the interface or the lack of pressure to consolidate asperities leaving air pockets within the bonded
region. This was clearly evident in G-FFLOW™ samples were all failures were cohesive since there were
no signs of the glass fiber flow media debonding from the laminate, however there were signs that regions
of bonded materials were either pulled off the glass fiber flow media or left on the flow media from the
airfoil adherend. Other surface textures that exhibited cohesive failure showed resin from the Compoflex
surface of the airfoil on the fracture surface of the adherend illustrating that there was adherence between
the two interfaces but not enough to adequately transfer loads into the fibers. The presence of resin

transfer between the airfoil and the adherend (or vice versa) can be seen in the Figure 48.
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Figure 48: Cohesive failure exhibited in all 4 surface finishes

4.4.2. Fiber-Tear Failures

For specimens with the higher failure strengths there was damage to the underlying composite plate
adherend. This was distinguished as either light fiber-tear where there were signs of fibers in adherends
being pulled from the laminate but not enough damage for full interlaminar failure where the +45-degree
fiber were peeled from the adherend laminates. Samples that exhibited this cohesive fiber tear failure
mode displayed much higher values for shear strength than those where there was only damage to the
matrix material. In many of the experiments where a large amount of fiber tear occurred was evident that
the fusion bond is nearing its interlaminar shear strength of laminate thus debonding or first ply failure is
occurring. Figure 49 shows that three of the four surface textures exhibited fiber tear during mechanical
testing failure thus were successful in transferring loads from the bonded joint into the fiber in the
adherends. The left image in Figure 49 shows the damage to Compoflex® trial CF2.1, which resulted in
the highest measured performance. Thus, the indication is that the highest double lap shear values
observed are limited by the laminate and not the joint itself, suggesting that there was little to gain by

further joining process parameter optimization during the manufacture of the protype VAWT.
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Figure 49: Compoflex®, Mold Surface, and Peel ply coupons illustrating fiber tear during failure

4.5. Microscopy Analysis of Glass Fiber Bonded Samples

Analysis via microscopy was performed to investigate both the properties of the unbonded lap shear
adherends and bonded specimens. Of the unbonded specimens the area of interest was the upper and
lower surfaces of the specimens where the bond would be created. Factors effecting the quality of bonds
that were viewable in microscopy analysis was the amount of resin available at the surface, the topology
which was well illustrated in the cross-sectional view of the sample, and resin rich areas within the
laminate caused by different infusion consumables.

Microscopy analysis was utilized on bonded regions to investigate factors such as bondline uniformity,
the effect of waviness of adherend surfaces, the presence of voids in the bonded area, and the difference
between the bondline produced by the upper and lower surfaces of adherends when the two were not
uniform. The results of the microscopy analysis supported the findings of the strength testing and fracture

analysis of the bonded joints.
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4.5.1. Manufacture of Microscopy Samples

Microscopy specimens to investigate the unbonded adherends were taken from unused sections of
material from the feedstock used to create the 4.25” x 5” lap shear adherends. Bonded samples were cut
from the edges of the molded lap shear samples near the leading and trailing edges of the airfoil adherend.
Sections were cut in roughly 0.75” long x .25 wide sections that were the thickness of the adherend
laminate or bonded joint, approximately 0.2” thick for the adherends and 0.3” thick for the bonded
sections. Once a total of a total of 9 bonded samples and a sample from each adherend type was cut to
size it was molded into inspection cups using CASTAMOUNT™ Acrylic resin, a two-part methyl
methacrylate that provided a rapid cure and was compatible with the Elium resin used in the samples. The
samples were mounted into the cups where they were then prepared for microstructural investigation.
Samples were wet sanded from 320 to 600 grit then final polishing utilized silicon carbide abrasive discs
up to 1200 grit after which they were ready for viewing. Samples manufactured are shown below in

Figure 50.

Figure 50: Five microscopy cups manufactured; top row identifies samples, lower row is of the imaging surface

Samples were inspected via a Leitz ERGOLUX microscope with bright field/dark field illumination at
magnifications of 6.4x up to 40x. A Nikon DSLR digital camera was used to record the images and
multiple stitching software including Adobe Photoshop and Microsoft Composite Image Editor was used

to stich multiple images together to view the entire sample when magnified.

71



4.5.2. Unbonded Samples of Lap Shear Adherends

Unbonded specimens of lap shear adherends included a single sample of Compoflex, a peel ply specimen,
a G-FLOW™ gpecimen and that of a molded surface specimen that had not yet been compression molded
to investigate the adherend features that would have an effect on bonding. It was additionally discovered
that there was the presence of voids in the surface asperities produced in both the G-FLOW™ and the
Compoflex®. It is evident that the consumables used had a varying effect on the quality of the laminates
manufactured, not just the bonded joint. Visible resin rich regions in the laminate were observed,
especially evident when using Compoflex. Figure 51 illustrates the difference in the cross section between
the vacuum bagged surface and the Compoflex surface prior to molding the sections to manufacture the
mold surface adherends. It can be seen that the area on the right (vacuum bagged portion) is free from the
large resin rich section outlined underneath the Compoflex. This explains the drastically different
appearance of molded adherends visible in Figure 43. The resin rich area likely contributed to the higher
bond strengths obtained from the mold surface specimens that were bonded to the regions corresponding

to the Compoflex region.

Area underneath Area underneath Compoflex
vacuum bag flow media

A

Resin rich area under Compoflex

Figure 51: Resin rich area under Compoflex® in molded surface manufacturing sample (6.4x)
Figure 52 illustrates an unbonded Compoflex adherend and the rough variable surface texture that appears
on the upper and lower surface of the adherend. Voids in the form of air bubbles and microcracking is

seen within the surface asperities at the upper surface. This likely is a result of removing Compoflex
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consumable prior to bonding specimens. The cracking of the matrix rich surface asperities is likely not
detrimental however the presence of bubbles within the asperities likely cause local stress concentrations

as they cannot be removed by consolidation pressure alone.

Voids and non-
uniform section
in asperities

Extremely resin rich
areas within laminate

Figure 52: Unbonded Compoflex adherend (10x) illustrating resin rich areas and voids within the surface asperities
Comparing the previous image to that of Figure 53 (which illustrates the peel ply bonding surface) it is
easy to see the difference between the two adherends that produced the best bonding results. The peel ply
surface is free of major asperities and there is little excess resin at the surface. Additionally, the peel ply
laminate is of better uniform quality. This illustrates that the Compoflex causes a decrease in
consolidation pressure when manufacturing laminates which is likely a reason that all samples that were

cooled after bonding under pressure exhibited fiber tear in the outer ply of the laminate.

25x magnification of peel ply surface

Figure 53: Peel ply adherend (6.4x) and enlargement of surface texture and topology (25x)
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Figure 54 illustrates the G-FLOW™ adherends cross section. The glass flow media is clearly visible as
the dark spots in the upper and lower surfaces, highlighted in images B) and C) which clearly illustrate
how the flow media was placed on top of the laminate and since the media was left in place after infusion
there were large wavy sections produced on the sample. It can be seen how resin rich the areas between
the glass bundles are, however there is little resin on top of the glass flow media to sufficiently bond to
the laminate which was likely due to the vacuum bag creating a barrier between the bag and the glass
fibers of the G-FLOW™. An additional thing to take notice of is the difference in waviness between the
top and bottom G-FLOW™ surfaces. Image B) shows the upper surface of the G-FLOW™ adherend and
C) shows the lower surface which was placed on the mold surface when the adherends were infused and
does not feature the hill and valleys that the upper surface did. The wavy surface is a likely source of

voids leading to entrapped air in the bonded joint, causing lower strengths.

Figure 54: Difference in waviness of G-FLOW™ (A) upper (B) and lower (C) molded surfaces

4.5.3. Bonded Sample Microscopy

Bonded samples were analyzed to correlate results of strength testing values, inspect the consequence of
surface topology in adherends, and visually examine the differences between processing variables.
Bonded samples from all four glass fiber surface textures were viewed. These included trials from CF1,

PP3, PP4, GF2, GF4, MS1, and MS3. The bonded sample microscopy focused on four main areas of
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analysis including bondline uniformity, the presence of voids, variations in bondline caused by surface
waviness and asperities, and the difference between samples tested using different bonding parameters.
Figure 55 shows the bondline created from the Compoflex surface texture when it wasn’t cooled under
pressure (CF1). The bondline is filled with voids and defects, likely air pockets that formed when
consolidation pressure was removed when bonding while the thermoplastic matrix was still in a viscous
state above Tg. The thick defect filled bondline illustrates that cooling below Tg under pressure is
essential for maintaining void free bonded regions. If images of Compoflex samples had been taken of
Compoflex specimens the bondline thickness would be decreased however it would have been more
uniform, have little defects, and have a thick matrix interlayer between the airfoil strap and the adherends.
An oversight occurred by only mounting one Compoflex bonded trial so a comparison of bonding

parameters between Compoflex samples couldn’t be made.

Figure 55: CF1 bonded sample showing large voids and defects in the bondline (6.4x)
Figure 56 is the microscopy images taken from peel ply trial 3 (PP3) which produced an average lap shear
value of 15.4 MPa. This figure illustrates the uniform bondline created by the peel ply surface texture.
Image A) shows the consistency of the bondline across the entire laminate, especially when compared to
samples that utilized other surface textures. Image B) shows the slightly larger thickness bondline than

that shown in image C) but neither bondline shows voids, bubbles or much variation in waviness.
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Figure 56: Peel ply 3 bonded sample microscopy images (6.4x) illustrating various thickness bondline in B) & C) (10x)
Figure 57 and Figure 58 illustrates the poor bonding displayed by the G-FLOW™. G-FLOW™ gspecimen
2 was not cooled under pressure so there are visible signs of air that was entrapped on the upper surface

during the bonding process as well as smaller air pockets that resulted from not cooling under pressure.

Numerous bubbles illustrating
entrapped showing entrapped air

Smaller bubbles formed on lower
surface caused by not cooling
under pressure

Figure 57: GF2 bonded sample showing large voids and defects in the bondline (6.4x)
Comparing GF2 and GF3 it can be seen that the bondline in GF3 is much more uniform and contains far

fewer defects as a result of cooling under pressure. However the closer inspection of GF3 in Figure 58
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shows the air bubbles that were entrapped during manufacturing of adherends which was also observed in
Figure 54 in the lower surface image C). The presence of voids and air bubbles observed both before and
after bonding illustrates that it is critical to create void free adherends prior to bonding because
consolidation pressure and the squeezing of matrix material during fusion bonding does not remove

entrapped air.

Figure 58: (Main) G-FLOW™ 3 bonded sample highlighting voids entrapped during manufacturing of G-FLOW™ adherends
(25x)

The molded surface samples also showed very uniform bondline due to the lack of surface asperities,
mitigating the potential for entrapped air during fusion bonding. Figure 59 shows the difference in
bondline thicknesses between the upper side of the adherend which had a resin rich Compoflex surface
finish before being compression molded and the lower surface which was on the tool side during infusion
so little alteration was made when the samples were compression molded. The upper surface has an
overall thicker resin rich area around the bondline which was likely due to the presence of excess resin
from the Compoflex during molding. The lower surface has a more distinct bondline which is likely from

the distribution of resin from the airfoil adherend surface not penetrating into the molded coupon.

77



Upper surface
bondline in
MS1

Lower surface
bondline in
MS1

Figure 59: Molded surface bondline comparison between upper surface (molded) vs tool side of adherend

Overall the microscopy images correlate with values obtained from strength testing data and validate
assumptions mentioned in previous sections such as the requirement for cooling under pressure, the lack
of adherence to G-FLOW™ samples, the improvement of bond quality with un-wavy surface adherends
and that the Compoflex surface texture on the airfoil adherends provides enough resin to sufficiently bond

specimens, without the need for complex topography consumables.

4.6. Discussion of Glass Fiber Sample Bonding Results

The results of glass fiber Elium thermoplastic fusion bonding trials were sufficient to draw conclusions
about how to proceed with later trials of carbon fiber reinforced Elium coupons. Overall the nylon Super
Release A peel ply texture provided the most consistent quality bonds out of all surface finishes tested.
The average value for all peel ply specimens was 14.3 + 1.9 MPa and the results displayed the lowest
standard deviation across all samples tested. When excluding results from the single trial that wasn’t
cooled under pressure (PP1) the average value for lap shear strength increases to 15.25 MPa with a
standard deviation of only 0.53 MPa. Failure analysis showed better laminate quality was achieved using
the peel ply surface texture by samples that exhibit fiber tear compared with samples from the Compoflex
that showed much larger amount of delamination of the first ply of the adherend. Microscopy results

showed the peel ply surface produced quality uniform bondline across the entire bonded area. There was
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clearly enough resin to sufficiently bond the adherend and the airfoil from the matrix at the surface of the
airfoil.

Across all glass samples Compoflex had an average lap shear strength of 12.35 + 3.5 MPa however it also
displayed the highest standard deviation across all three trials, though a major source of that deviation
was caused by trial CF1 that was not cooled under pressure. If CF1 was excluded from the Compoflex
averages strength increases to 14.9 = 1.0 MPa. This is twice the standard deviation of the peel ply, likely
caused by the variability in the surface topography. The presence of surface asperities in the Compoflex
texture was likely a source of voids which would initiate failure in a more randomly distributed manner
indicative of the higher standard deviation. The Compoflex trials did however produce the highest
performing individual lap shear coupon which had a strength of 16.1 MPa. The resin rich surface texture
of the Compoflex adherends clearly aided in higher performing joints. Resin rich asperities increased
bondline thickness to increase leading to high values for strength yet lower consolidation pressure evident
by resin rich areas within the adherend laminate observed in micrography analysis was a likely origin of
larger amounts of fiber tear in quality bonded samples.

The molded surface texture laminates performed poorly as well, having an average strength of only 11.4 +
2.0 MPa, even though all samples were cooled under pressure. Additionally, this value doesn’t represent
the full range of variables that were supposed to be examined as half of the mold surface specimens failed
within the adherend so roughly half of the values for the bond strength were not obtained thus limiting the
comparisons that could be made among processing variables. The highest performing individual sample
reached a value of 14.8 MPa which was lower than values obtained using peel ply and Compoflex.
Additionally the difference between the vacuum bagged region and the Compoflex region in molded
samples and the lap shear coupons tested from these specimens was distinct, the vacuum bagged area
exhibited an average strength of 9.9 MPa while the samples from the resin rich Compoflex region with a
more uniform surface topography exhibited a value of 13.0 MPa. This does illustrate that the use of
infusion consumables can greatly aid in fusion bonding thermoplastic composites and that a purely

vacuum bagged laminate is likely not ideal for fusion bonding. However, the molded surface microscopy
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images did show a uniform bondline which is a major influence of bond strength. G-FLOW™ was the
worst performing specimen, evident in strength testing, failure analysis, and microscopy. The average
value for lap shear strength of G-FLOW™ samples was 9.02 + 2.14 MPa drastically lower than the rest of
the consumables. This was caused by a combination of voids created during the infusion process and the
lack of resin on top of the glass fiber bundles used to distribute resin through adherends. Voids were
created when trying to compress the asperities and hills created from the glass fiber bundles but when the
glass fibers could not be flattened, air pockets were created leaving voids between bundles seen in
microscopy images. The lack of resin on the surfaces of the G-FLOW™ fibers caused by the vacuum bag
being placed directly on the surface resulted in cohesive failure across all specimens. This failure could
have been adhesive failure since the Elium resin may have had difficulty bonding to the sizing on the GF
fibers however this is only another potential cause of low strengths and the sizing on the G-FLOW™

fibers is unpublished.

It was evident that optimal processing variables were not uniformly applicable to all specimens, instead
the optimum process is specific to each surface texture. Larger surface asperities require higher pressure
and longer hold time at temperature to flatten the surfaces to achieve intimate contact which is the
preliminary step in the intermolecular diffusion aided fusion bonding process. A uniform surface (flat)
surface required far less time to initiate intimate contact and these results showed similar values of
strength even at lower consolidation pressures during fusion bonding. It is likely that the relationship
between consolidation pressure and lap shear strength likely reaches a plateaus or peak at a certain value,
after which higher pressures only cause fiber distortion and resin flash out of the bonded region causing
lower values for strength.

Results from the failure analysis showed at least a portion of samples exhibiting fiber-tear failure
occurred in all surface texture specimens tested. Fiber tear was evident even at failure values of 10 MPa
which indicates that the value for interlaminar shear or debonding of the composite adherend are the

limiting factor in the joint design. Further testing would be needed to determine a fiber reinforcement
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product such as a woven fabric that has a higher inter-ply strength than the non-crimp triaxial fabrics used

in this study to achieve higher bond strengths than 16 MPa that were seen in this study.

The results of the testing double lap shear coupons with glass reinforcement provided enough evidence to
continue with the planned goal of heat welding the carbon fiber reinforced composite strut to root hub
attachment plates to the airfoil blades in the final product. Thus, for the planned VAWT blade set it was
determined that, based on the conditions evaluated, the fusion joining process was insensitive to surface
condition and hold time at 200°C, but that cooling the press under pressure was important as was the
higher 2.56 MPa (370 psi) pressure. Even when using the worst shear strength values obtained from
sample testing, with an increased bond area of 16 in” values a bonded joint would be adequate to

withstand all loading conditions and failure would not occur in the bonded region.

4.7. Carbon Fiber Double Lap Shear Bonding Results

Six trials of carbon fiber reinforced Elium ® 150 specimens were created using the parameters that
resulted in the most consistent performance from earlier glass trials. Carbon fiber adherends were
manufactured for testing via ASTM 3528 to investigate how bonding parameters effects were different
than those obtained in glass fiber reinforced Elium® trials and to see if the results were sufficient to
continue with the planned manufacturing method of fusion bonding the root hub to airfoil strut brackets.
Due to the accelerated timeline of the project this testing was performed in conjunction with the
manufacture of initial carbon fiber airfoil sections, so the final laminate stacking sequence or infusion
process was not finalized. This resulted in two different airfoil laminate stack ups used across carbon lap

shear bonding trials but a single run manufacture of the feedstock to create adherends.

The preliminary infusion of carbon airfoils which were bonded to adherends in trials CPP 1 and 2 used a
stacking sequence of [+45, 0]s using CBX-0900 +45 Biaxial NCF (300gsm & 0.48 mm thick) and CLA-
0912 0° UD NCF (352 gsm & 0.6mm thick) giving a total thickness of 2.16 mm. Figure 60 illustrates the

fabrics used, notice the carbon biaxial fabric has a layer of +45° placed on top of a -45° ply. These biaxial
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fabrics were non-woven so there was nothing preventing inter-ply failure between the biaxial layers. Later
carbon airfoil infusion used three plies of 4 diameter, +45° braided biaxial sleeve from A&P
Technologies with a weight of 18 0z/yd* with an infusion thickness of 0.69 mm giving a total airfoil
thickness of 2.1 mm. Compared to the 2.69 mm thick glass airfoil specimens the carbon airfoil sections
were much thinner which caused issues when bonding lap shear samples with the same tooling used for
glass. The individual carbon reinforcement plies used to manufacture DLS coupons are visually shown

below in Figure 60.

C-BX 0900 C-LA 0912 C-L 1800

VECTORULTRA VECTORVETRR  vECTORULTRA

Figure 60:Carbon fiber reinforcement used in lap shear adherend and airfoil manufacture

The surface texture on the carbon fiber laminates used to create feedstock for additional 4.25” x 5” flat
adherends for ASTM 3528 lap shear samples was created using the nylon Super Release A peel ply as this
gave the best results in the preliminary bonding trials using glass fibers. The inside surface of the airfoil
was that of the Compoflex® which was also consistent with the glass trials. The feedstock samples were
manufactured using a +45 biaxial fabric and two uni-directional non-crimp fabrics, both from Vectorply
to obtain a plate thickness twice that of the laminate in the airfoil. The plate was infused with a stacking
sequence of [+45, 02]s using the CBX-0900 +45 Biaxial NCF (300gsm, 0.48 mm thick) and heavier
weight CL-1800 0° warp unidirectional non-woven (590 gsm, 0.9mm thick) giving a total thickness of

4.56 mm , slightly twice the thickness of the airfoil in accordance with ASTM 3528. The carbon samples
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were all infused using a standard green flow media similar to the glass samples seen in Figure 25 and the

peel ply was left directly on the laminate until being bonded in the DLS jig, illustrated in

Figure 61: Peel ply left on laminate until molding (left) and removal of peel ply from adherends (right)

The carbon fiber reinforced double lap shear specimens were produced at 200°C, bonded at applied

pressures of 185 psi and 370 psi, held for between 5 and 20 minutes at temperature and cooled under

using water cooling in the platens of the hot press. The average strength obtained via double lap shear

strength testing of these carbon fiber reinforced panels was 7.48 + 1.2 MPa (1086 * 298.1 psi), which was

comparable to the lowest performing group of the glass fiber reinforced specimens. The highest average

value obtained for shear strength amongst trials was 9.5 MPa was in trial #6 that was manufactured at a

lower applied pressure and held at temperature for only 5 minutes. Only 17% of all the samples tested

displayed values over 10 MPa.

Table 10 documents the results from the processing variables across all carbon samples.

Table 10: Strength results from carbon fiber peel ply trials

Trial | Sanded | Pressure | Cooled | Hold Lap Standard | Lap Standard
# with Applied | under time at Shear Deviation | Shear Deviation
220 (psi) pressure | 200°C Strength | (psi) Strength | (MPa)
Grit (Y/N) (minutes) | (psi) (MPa)
(Y/N)
CPP1 | No 370 Yes 10 1055.8 | 175.7 7.3 1.2
CPP2 | No 185 Yes 10 736.0 295.9 5.1 2.0
CPP3 | No 370 Yes 10 1067.2 | 79.5 7.4 0.5
CPP4 | No 370 Yes 20 1140.3 | 272.8 7.9 1.9
CPP5 | No 185 Yes 10 1136.9 | 308.9 7.8 2.1
CPP6 | No 185 Yes 5 1379.3 1104 9.5 0.8
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It was predicted that values obtained would be similar to glass reinforcement, however the carbon
samples obtained values similar to the lowest performing glass samples. Additional efforts to optimize
parameters for these carbon fiber reinforced panels and airfoils was not undertaken, as even this value of
shear performance was considered satisfactory for the current application of the demonstration prototype
VAWT. Thus, this remainder of this section documents the results obtained and discusses likely sources
of the lower bond strength so future work can address these issues.

The major reasons for lower value of shear strength obtained from carbon samples was due to the
materials used to manufacture the samples to be bonded and the quality of the airfoil adherends used for
bonding. The biaxial fiber reinforcement used for the flat adherends was not as sufficient at transferring
loads into the samples and the majority of carbon samples failed by debonding a single 45-degree ply
from the adherend surface which is illustrated in the left sample highlighted in Figure 62 (CPP3.2). Using
non-crimp biaxial reinforcement in the airfoil for the first two sets of samples was a poor choice but until
the infusion process was repeatable the CSU team used fiber that was available for a limited quantity of
4” braid was procured specifically for 132” infusion trials. In addition, it was evident that some of the
airfoil infusions appeared to be fully wet out however after bonding showed dry sections of fabric or
voids in the airfoil which is shown in the middle sample coupon in the figure below (CPP3.3). The
highest quality bonds were observed in the final carbon trial (CPP5) and the right most fractured adherend

sample (CPP5.4) shows the fiber debonding from the adherend since there was full wetout in the airfoil.
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Figure 62: Carbon double lap shear failed adherends

In addition to the issue with the biaxial reinforcement, the airfoil adherends were only 2.1 mm thick
compared to 2.69 mm airfoils used in testing glass specimens. Since bonding trails used the same tooling
there was likely less consolidation pressure or an uneven pressure applied to carbon samples to
adequately bond the surfaces. This was exhibited by bulging of the airfoil adherend, fiber migrating to the
gap between the adherends, or a visible gap between adherends which are seen in Figure 63. The higher
thermal conductivity of the carbon fiber compared to glass likely compounded the mold alignment issues

which led to fiber wash and distortion in bonded area.
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Figure 63: Bonded Carbon Fiber Peel Ply Double lap shear samples and cross section of bonded joint

Based on the issues documented for carbon reinforcement the final strut to root hub bonded connection
utilized a 2x2, low profile twill weave woven fabric that has a higher inter-ply strength than the non-
crimp biaxial fabrics used with early trials. The fusion bonding process was carried out using processing
variables that provided the most consistent results from lap shear coupon testing; a lower mold
temperature of 180°C to mitigate thermal effects of the increased thermal conductivity, a hold time of 10
minutes, a consolidation pressure of 370 psi, and cooled under constant pressure. A set of ASTM 3528
coupons were manufactured using the finalized materials documented in Section 5 coving the full-scale
manufacturing of the VAWT. The double lap shear coupon was bonded with sections of airfoil that was
trimmed directly from the airfoil adherend plates were bonded into in the final manufacture of the
prototype VAWT. Unfortunately, these samples were not mechanically testing during the spring semester
2020 due to the COVID-19 outbreak and closure of the CMMS lab at CSU however the appearance of

both bondline uniformity, and airfoil adherend shape indicate a drastically improved performance.
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5. FULL SCALE VAWT MANUFACTURING

During the continued material processing investigation processing characteristics of the Arkema Elium®
thermoplastic resin were better understood. That post-processing advantage led to improvements and part
count reduction in the blade assembly fabrication through two main areas: (1) integrated blade mounting
tabs for central hub connections via fusion bonding and (2) 90° bend from vertical blade to horizontal
spreader utilizing post process reforming. During the investigation of the fusion bonding study, additional
bending trials were conducted on 64” glass fiber reinforced airfoil sections to manufacture the airfoils

from a single airfoil rather than having to bond in 90° brackets between the horizontal and vertical blades.

5.1. Evaluation of Post Process Reforming of Thermoplastic Airfoil Blade Sections

The possibility of reforming of thermoplastics gives them a great advantage of thermoset counterparts and
allows shaping of complex geometries from simpler shapes. In this application a simple, uniform cross
section can be curved into the geometry of a D shaped or helical style Darrieus style blade or bent into the
H-type geometry used in this study which can be seen in image A in Figure 64. However, there are
challenges to this process and two major issues experienced by the CSU team were maintaining structural
integrity of the bended section by eliminating buckling fibers that were experienced in early trials and
preserving the aesthetics of the finished blade. The team improved the free form bending process with a
set of matched dies seen in image B. Sections of airfoil were heated to 200°C then placed in the die and
reshaped. This reduced the inner surface buckling exhibited in the free form bend. However, due to little
in-plane shear in the bonded region and the difference in length between the outside surface fiber and the

inner surface fiber, the bent region displayed bulging at the inner surface and the outside edges of the die.
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A) B) preliminary matched die set and resulting bond

C) Reversed bend die set and resulting bond

F,

Figure 64: A) 90 Degree bend locations in VAWT, B) preliminary matched die set, C) revered bend die set

The team designed a second die set that included a reverse bend seen in image C) of Figure 64 that
attempted to maintain equal inside and outside fiber lengths. This improved the quality of the bent region
and there was little distortion along the bent section yet there was still bulging at the end of the die area
which was neither aesthetically pleasing in addition to being a local source of stress in the region. This
coupled with the fact that this process required the airfoil to be correctly positioned at the planned bed
location in two areas of the midspan of the full airfoil length there was little confidence that the process
could be repeated with consistent dimensions and accurate spacing in the required three blade pair for the

VAWT prototype.

The final design that was selected and produced quality bent regions with a uniform bent section was that
based on a wiping die. In this approach the smaller outside roller rotates while it is swung around the
inner static roller as seen in the left image in Figure 65. With this process a consistent controlled radial
gap of 0.25” (6.3mm) is established, which was determined by the thickness of the flattened airfoil

section in prior testing. This ironing or wiping motion keeps the inner surface stationary which allows for
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a repeatable and consistent bended section. The wiping die setup also allowed for the positioning of the
airfoil so subsequent and consistent bends could be made using the relative fixturing and the predrilled

mounting holes in the hub to strut plate that were fusion bonded into the airfoil sections.

rotation motion roller Wiping die set up

e

Resulting bend
produced

Rotating outer roller

Figure 65: Wiping die set for full scale VAWT bending

5.2. 3.4m Tooling for Full Scale Blade Infusion

Given the success of the fusion joining trial for incorporating the tower to blade attachment plates and the
demonstration of post-mold reforming into 90° bends, a hollow airfoil section approximately 129” long
was required to fabricate a single VAWT blade that would construct the vertical airfoil and the horizontal
spreaders at both top and bottom of the rotor assembly. This required the manufacture of a new high-
quality high temperature to manufacture these long hollow airfoils, a high quality, high stiffness mold set
was required. A 40 1b./ft3 urethane tooling board with a thin epoxy surface coating was procured,
nominally 92” long. The tooling was designed with ‘O’-ring grooves along the length, one near the
leading edge and the other near the trailing edge of the airfoil geometry to better contain the low viscosity
Elium® 150. 0.5” hemispherical cavities were machined into the flange area of the master to allow ball
bearings of the same diameter to be used as alignment features in the resulting molds. Aluminum side and

end plates were added to the master as seen in image a) of Figure 66. These were to create a cavity within
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the tooling mold to construct vertical stiffeners in the final mold, increasing stiffness without excessive
weight. The end flanges were included were also used in the assembly of the molds, since the tooling
master was only 2/3 the length of the required 138 airfoil molds.

Carbon fiber was selected as the reinforcement for the molds to take advantage of the higher thermal
conductivity which eased the removal of excess heat generated in the exothermic polymerization of the
Elium® in addition, the increased stiffness provided by the carbon fiber reinforcement was desirable
given the dimensions of the mold set. Vectorply supplied non-woven C-4QX 9400, 94.520z stitched
Quadriaxial fabric and C-WV-0600, a 60z/yd2 twill fabric for the molds. A finer twill weave was used at
the tool surface to ensure a finer finish on the airfoil surface, and the Quadrax was used to build thickness
and structure. One layer of the Quadrax was used on top of the twill weave. Additionally, along the length
of the mold flanges, Lantor Soric LRC 3, an infusion specific core material was placed between 2 layers
of Quadrax to increase mold stiffness of the flanges. Placement of the dry fiber on the tool surface and the

core material on the flanges can be seen in image b) in Figure 66.

a) Tool and vertical b) Infusion c) Mold infusion  d) Completed 92”
stiffeners consumables process length mold

Figure 66: Mold manufacturing sequence
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All the reinforcement material was placed dry and the composite mold was created through a resin
infusion approach seen in image c) above. The molds sections were infused using Rhino 1411/4111
epoxy resin at nominally room temperature followed by a freestanding post-cure of 2 hours at 100°C. The
walk-in oven at Colorado State University could only accommodate a 92 mold section so it was
necessary to manufacture three of the 92” mold halves, one of which was cut in half then the vertical wall
at the end was used to join the partial section to the full section creating the top and bottom halves of the
132” finalized mold which provided just sufficient extra length needed for each blade. A completed 92”

mold section is seen in image d) of Figure 66.

5.3. Full Scale 3.4m Blade Infusion
The process used to successfully manufacture the full length 129” prototype VAWT blades required only

minor variation in preform set-up and infusion procedure from that used in the 64” trial blade
manufacture. The preform again utilized 3 layers of the Vectorply C-LA 0912 stitched 90z UD carbon
fabric with integral 1.20z chopped glass mat trapped between 2 layers of the 4”, 180z braided carbon
fiber, supplied by Highlands Composites (C400-15) and A&P (Z56L400R). This resulted in the final
desired stacking sequence [+45,03+45] along the top and bottom of the airfoil, and [+45, +45] at the
leading edge and trailing edge, where the UD was not positioned. Preform assembly, insertion into the
mold and infusion are shown in Figure 67. The liquid Elium® 150 resin travelled, in the flow media,
down the length of the 138 mold set within 12 minutes and the infusion was complete in less than 20
minutes. Mold surface temperature was monitored with a thermal imaging camera and when the surface
temperature reached 50 C, then bags of ice were applied to the outer mold surface. The mold set was left

closed for several hours to ensure process completion.
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Mold half and A\ p Blade airfoil
preform \ B . infused

Completed, as
infused blade
sections

27
Mold half,
preform in-place

Molds closed

Figure 67: Manufacturing process of 138" airfoil blades

5.4. Blade to Root Hub Attachment Via Fusion Bonding

The fusion bonding of two separate thermoplastic composite plates allowed the mounting tab between
rotor airfoil and central hub to be integrated directly into the rotor assembly. By integrating the mounting
tab into the airfoil section, local composite considerations are minimized since the reinforcement that
would have been required to support the bearing load on the airfoil cross section is no longer necessary at
that location. Instead that load is handled by shear forces through the fusion bond which was shown to
have adequate strength to withstand the expected loads. The 6” x 4” strut to hub bracket which is
illustrated in red in the left image of Figure 68 was manufactured using a single ply of Vectorply’s C-
4QX 9400, a quadriaxial heavy weight quasi-isotropic reinforcement fabric in conjunction with four plies
of a 2x2 Twill weave 3K 6 oz woven Hexcel AS4 carbon fiber fabric procured from Composite
Envisions. The extremely heavy weight quadriaxial fabric weighing 94 0z/yd? is constructed utilizing a
balanced and symmetric construction [90°/0°/45°/-45°]s and was used to construct the bulk thickness of
the roughly 0.25” thick bracket. Two plies of the twill weave fabric were placed on the exterior surfaces
in a +45° orientation to absorb the shear stresses at the bonded joint. The final stacking sequence for the

bonded hub to strut brackets was [+45°/90°/0°/45°/-45°]s. Combined with the 4”x4” bonded region in the
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airfoil and a conservative estimate of 1000 psi lap shear strength of the carbon fiber reinforced double lap
shear coupons reviewed in section 4.6 the team deemed the 16,000 1b. pullout force required for failure
would be beyond the loads that would be experienced by the airfoil. After bonding strut to hub brackets in
the airfoil, the ends were trimmed in an atheistic manner that removed the portion of the trailing edge that
was compressed during the bonding of the end brackets. The right image in Figure 68 illustrates the
completed set of bonded inserts on all three airfoils and the two airfoils on the left having been trimmed
to the final shape.

3 bolted hub
connection locations

6"x4"

4"x 4" bonded
fusion strut to
bonded hub

region bracket

Blade Leading Edge

Figure 68: Blade to Tower Mounting Tabs illustrating 16 in? bonded region and completed set of 3 blades with bonded inserts

5.4.1. Method of Bonding End Plates to Airfoil Sections

The end plates were bonded to the 3.4 m infused airfoil blades after the consumable materials were
removed from the hollow internal section of the airfoil. The internal surface finish of the airfoil blade was
the coarse finish left behind after removing the Compoflex® flow media used to infuse the blade section.
No other modifications besides cutting the blade section to the proper length was necessary before fusion
bonding in the end fittings. To facilitate the final joining operations two 6” x 8” by 0.5” thick aluminum
plates were machined to compression mold the 4” long by 4” wide and %4” thick carbon fiber/ Elium®

plates that would allow the blades to be bolted to the turbine hub. The molding tooling can be seen in
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Figure 69. The mold set allowed the airfoil to be inserted into the tooling and the composite strut to root
hub attachment plates to be positioned correctly inside the airfoil. The bolt hole locations kept the plate
centered within the airfoil during the compression molding process and a positive stop positioned the

airfoil.

Figure 69: End Fitting Compression Mold Dies

Figure 70 illustrates the process underwent to fusion bond the mounting plates. The mounting plates were
positioned inside the molds using the bolted hole locations and dowel pins to correctly orient the
mounting plate. After removing consumables from the completed airfoils, they were trimmed to a length
of 129” to account for the vertical section of the blade and the horizontal spreader sections. Once trimmed
to length the airfoil was slid over the composite strut to root hub attachment plates within the compression
molding tooling up to the positive stop that prevented the airfoil from sliding too far into the mold. Once
adherends were positioned correctly the fusion bonding process was carried out using processing
variables that provided the most consistent results from lap shear coupon testing; a mold temperature of
180°C, a hold time of 10 minutes, a consolidation pressure of 370 psi, and were then cooled under

constant pressure.

94



Figure 70: Fusion bonding process showing a) 129" infused airfoils b) compression molding mounting tabs c) completed fusion
bond within tooling

5.5. Final Thermoforming of and Post Processing of Thermoplastic Composite Blades

After the strut to hub brackets were fusion bonded into the 129” airfoil sections the predrilled mounting
holes in the bonded insert were used as a reference point to complete the final thermoforming of the
regions to be bent into the 90-degree junction between vertical blades and the horizontal spreaders. The
airfoil regions to be bent were placed in a heated platen press with flat plates and heated until the
thermoplastic matrix reached a temperature of 200°C then were carefully transferred to the wiping die
bending jig. At this heated state well above Tg the composite is very flexible and must be well supported
and held in the correct orientation to reduce the likelihood of sagging or twisting and a subsequent
misalignment. The wiping die setup and fixturing allowed for the positioning of the airfoil as well as
supporting the airfoil so subsequent and consistent bends could be made using the relative fixturing and
that were fusion bonded into the airfoil sections. Once positioned in the jig the smaller outer wiping roller
was rolled around the inner static roller to create the bended joint. Figure 71 illustrates the process of

putting the second bend in the airfoil section to complete the geometry of the thermoplastic VAWT blade.

95



|

Figure 71: Completion of post process bending in completed airfoil blade

Once the two bending operations were performed the blades were coated with a thin layer of enamel clear
coat before being lightly sanded with 1500 and 2000 grit sandpaper to generate a glossy finish for
aesthetic purposes. The as molded versus glossy coated surfaces are compared in Figure 72 and following

this process the VAWT was ready to be assembled.

N

Figure 72: Comparison between molded surface and final post process clear coat finish

5.6. Final Assembly of VAWT Prototype
A full-scale VAWT rotor assembly was fabricated and assembled for display at the July 2019 IACMI

Member’s Meeting in Denver, CO. The initial CAD model shown below in Figure 73 that utilized the
original proposed 90° degree brackets and metal mounting tabs shown in figures Figure 12 and Figure 14
described in Section 1.7.2 included a rotor assembly that incorporated machined components for the mast,
central hubs, and bearing housing as well as the composite airfoil sections. The initial rotor assembly was
estimated in the CAD model to weigh 47.7 1b. based off material properties of the materials selected by

Steelhead Composites. By successfully deforming the airfoil into the bent geometry shown below and
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integrated airfoil blade to root hub mounting tabs into the final manufactured VAWT, the updated CAD
experienced a 12% reduction in mass from the baseline design down to 41.2 Ibs. This theoretical estimate
differed slightly from the as fabricated mass, where each airfoil section weighed approx. 7.51bs as
opposed to the theoretical CAD estimate of each airfoil section at 5.11bs, which did not account for resin
rich areas within the airfoil blades. The final manufactured weight of 50 Ibs. was thus within 10% of the

estimated mass of the original design.

Figure 73: As designed versus as manufactured VAWT prototype
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6. CONCLUSIONS

The Colorado State University team successfully met the research objectives of the technical
collaboration for the TACMI study by demonstrating the design and manufacture of a prototype VAWT
rated between 0.5 and 1 kW using thermoplastic reinforced composites. The research team at CSU
developed the manufacturing strategy which included the infusion methods, the consumables used,
tooling, and thermoplastic specific approaches of post-mold bending and fusion bonding examined to
potentially transform the way VAWT rotor assemblies are constructed. The combination of post-process
deformation and fusion joining, available only through the use of the thermoplastic matrix composite,
helped demonstrate post-process bending to remove the need for discrete connections between the
horizontal and vertical sections of a ‘C’-shaped Vertical Axis Wind Turbine blade and integrating
composite mounting tabs that increased structural integrity, demonstrated methods of mass manufacture
possibilities, and the benefits of novel liquid form thermoplastics over traditional thermosets If a
thermoset matrix composite were used the complex, molded geometry of this VAWT would have
necessitated either complicated molds or multiple blade segments that would have been required to be
adhesively bonded or mechanically fastened together. It is evident there are many advantages of this type
of thermoplastic composite material including its unique post-processing potential, durability,
recyclability, and overall strength to weight. The manufacturing techniques utilized for this prototype
fabrication show a lot of promise for the manufacturability of similar part geometries, where a uniform
cross section shape could be pultruded in a mass manufacturing environment at low cost then reformed or

fusion bonded to create complex geometries.

6.1. Fusion Bonding Assembly Methods

The results of this study demonstrate the benefits of using thermoplastic matrix materials in the
construction of wind turbine blades as the blade components can be thermally welded to ease

manufacture, eliminate adhesive bonding issues, and open the possibility for joining components on site,
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a huge challenge when blades are manufactured with increasing blade length. Fusion bonding of two
separate thermoplastic composite features allowed the mounting tab between rotor airfoil and central hub
to be integrated directly into the rotor assembly. By integrating the mounting tab, local stress
concentrations are minimized compared with the baseline design of adhesively bonded tabs since the
reinforcement that would have been required to support the bearing load on the airfoil cross section is no
longer necessary at that location which also greatly eased the manufacturing of the airfoil sections. In the
fusion bonded joints load is handled by shear forces through the adhered region which was shown to have
sufficient strength to withstand the expected loads through the experimentation of ASTM 3528 Double
Lap Shear Strength testing. From lap shear testing it was determined that, for the glass fiber reinforced
Elium® 150 composites, fusion bonded double lap shear coupons created using bulk heating obtained
average lap shear strengths values in excess of 15MPa (2,200 psi) with maximum samples having values
over 16 MPa (2328 psi). Further, it was realized through failure analysis that the highest failure strengths
were related to failures within the composite adherend, indicating that the fusion bond was no longer the

limiting factor in the design and manufacture of the VAWT.

6.2. Surface Topology Effect on Strength of Fusion Bonding Joints

Due to the fact Elium® is manufactured using liquid molding techniques the research question arose to
determine if consumables used in manufacturing fiber reinforced Elium® thermoplastic composites via
resin infusion could contribute to higher bond quality. It was predicted that utilizing infusion consumables
that provided additional matrix at the bondline would improve the quality of bonded joints. Since the
consumables that produced the most amount of neat resin at the surface left behind a rough texture, a
second inquiry was investigated on the impact of surface texture produced by consumables on the
resulting effectiveness of fusion bonded joints. The bulk of this research found that there is a tradeoff
between additional matrix material at the bond interface and the rough surface topography left behind by
the consumables. The results indicated that resin rich bondlines created by using consumables such as

Compoflex do increase the joint strength, however the presence of tall surface asperities and deep valleys
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lead to large deviations in joint strength from the inclusion of entrapped air during the fusion bonding
process. Similar values for strength were obtained from traditional peel ply surface texture that are not as
rough or variable across the surface nor introduce extra resin into the bondline. In addition, varying
surface textures require different bonding parameters for increasing joint strength. It was observed that
the high peaks of surface asperities required higher consolidation pressures and longer hold times above
the materials Tg during bonding and consolidating the fusion bonded joint. This allowed asperities to
flatten and resin to become viscous enough at the bond interface to achieve intimate contact and allow for
molecular diffusion to occur between polymer chains, the fundamental process of fusion bonding
thermoplastic polymers. By utilizing a peel ply especially those of nylon material that reduce the
contamination at the bond interface minimal secondary processing is required to achieve quality fusion
bonded joints in liquid molded thermoplastic composites. This has the potential to eliminate the costly
and time-consuming process of surface preparation and adhesive bonding seen in thermosetting polymer

matrix composites and wind turbine manufacture.

6.3. Recommendations for Future Work

The results of this study open the potential for further investigation of fusion bonded joints using Elium
thermoplastic in fiber reinforced composites. The first recommendation for future work would be the
optimization of carbon fiber reinforced Elium thermoplastics. This includes an optimization design of
experiments that could keep bonded sample geometry simple, rather than using the inside of difficult to
manufacture airfoil sections as part of the adherends in bonded joints and experimenting with the
processing variables in this research. Additional investigation is needed to further quantify the effect of
the high thermal conductivity of carbon fiber in fusion bonded joints, to investigate if it improves or
decreases the ability to fusion welded samples. Once optimization of fusion bonded joints occurs it would
be recommended to perform fatigue experiments on joints manufactured with bulk heating to quantify
degradation in laminate quality after repeatedly heating and cooling in addition to high cycle

experimentation as this could be used in later lifecycle purposes of fusion bonded joints.
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