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Abstract:

Currently, the majority of the turbine blade industry uses the low budget, hand lay-up manufacturing
technique to process composite blades. The benefits of hand lay-up include the ability to fabricate
large, complex parts with a quick initial start-up. Yet, the drawbacks of the hand lay-up technique
suggest that other methods of composites manufacturing may be more desirable in industrial-scale,
wind turbine blade fabrication.

Resin transfer molding (RTM) was identified as a processing alternative and shows promise in
addressing the shortcomings of hand lay-up in turbine blade manufacturing. The current study
compares and evaluates both processes according to fundamental criteria and mechanical performance
for a variety of fabric reinforcements, lay-up schedules and turbine blade critical structures. The
geometries investigated were flat plates, thin flanged T-stiffeners with skin intersections, thick flanged
T-stiffeners, [-beam load carriers, and sample root connection joints. The variables that were explored
and compared according to process included laminate thickness, fiber volume, cycle time, and porosity.
Flat plates were tested under five typical loading conditions: transverse tension, compression,
three-point bending, axial tension, and fatigue. The variety of three-dimensional substructures were
also tested mechanically to determine what effects processing might have on structural performance.

In this study it was found that process played an important role in laminate thickness, fiber volume, and
weight for the geometries investigated. RTM was found to reduce thicknesses and improve weights for
all substructures. In addition, RTM processing resulted in tighter material transition radii and
eliminated the need for most secondary bonding operations. These observations were found to
significantly reduce weight for complex structures. Hand lay-up was consistently slower in fabrication
times when compared to RTM for the manufacturing of the specimens tested in this study. Computed
Tomography (CT) technology was introduced as a means to measure porosity for specimens of
different processing. However, the current efforts in characterizing porosity via CT suggest further
refinement.

Analysis of the mechanical testing results for flat plate specimens demonstrated that vacuum-assisted
RTM specimens performed notably better than their hand lay-up counterparts for a variety of
properties. Yet, thickness played a critical role in comparing the mechanical test results of flat plate
specimens. Variations in thickness had the tendency to bias the structural performance results
according to process and as a result, fiber volume normalizing techniques were introduced. Specimen
normalization was found to reduce the measurable differences between flat plate test results for
specimens manufactured by the different processes. It was also noted that in most cases reinforcement
played a more instrumental role in mechanical performance than process. Substructure tests
demonstrated that differences in processing methods affected specimen mass and moment of inertia.
These properties were greater for the hand lay-up specimens and resulted in improvements in ultimate
strength and initial damage when compared to RTM substructures. The current root specimen design
does not show significant differences according to process and exceeds all static and fatigue



requirements.
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ABSTRACT

Currently, the majority of the turbine blade industry uses the low budget, hand
lay-up manufacturing technique to process composite blades. The benefits of hand lay-up
include the ability to fabricate large, complex parts with a quick initial start-up. Yet, the
drawbacks of the hand lay-up technique suggest that other methods of composites
manufacturing may be more desirable in industrial-scale, wind turbine blade fabrication.

Resin transfer molding (RTM) was identified as a processing alternative and
shows promise in addressing the shortcomings of hand lay-up in turbine blade
manufacturing. The current study compares and evaluates both processes according to
fundamental criteria and mechanical performance for a variety of fabric reinforcements,
lay-up schedules and turbine blade critical structures. The geometries investigated were
flat plates, thin flanged T-stiffeners with skin intersections, thick flanged T-stiffeners, I-
beam load carriers, and sample root connection joints. The variables that were explored
and compared according to process included laminate thickness, fiber volume, cycle time,
and porosity. Flat plates were tested under five typical loading conditions: transverse
tension, compression, three-point bending, axial tension, and fatigue. The variety of
three-dimensional substructures were also tested mechanically to determine what effects
processing might have on structural performance.

In this study it was found that process played an important role in laminate
thickness, fiber volume, and weight for the geometries investigated. RTM was found to
reduce thicknesses and improve weights for all substructures. In addition, RTM
processing resulted in tighter material transition radii and eliminated the need for most
secondary bonding operations. These observations were found to significantly reduce
weight for complex structures. Hand lay-up was consistently slower in fabrication times
when compared to RTM for the manufacturing of the specimens tested in this study.
Computed Tomography (CT) technology was introduced as a means to measure porosity
for specimens of different processing. However, the current efforts in characterizing
porosity via CT suggest further refinement.

Analysis of the mechanical testing results for flat plate specimens demonstrated
that vacuum-assisted RTM specimens performed notably better than their hand lay-up
counterparts for a variety of properties. Yet, thickness played a critical role in comparing
the mechanical test results of flat plate specimens. Variations in thickness had the
tendency to bias the structural performance results according to process and as a result,
fiber volume normalizing techniques were introduced. Specimen normalization was
found to reduce the measurable differences between flat plate test results for specimens
manufactured by the different processes. It was also noted that in most cases
reinforcement played a more instrumental role in mechanical performance than process.
Substructure tests demonstrated that differences in processing methods affected specimen
mass and moment of inertia. These properties were greater for the hand lay-up
specimens and resulted in improvements in ultimate strength and initial damage when
compared to RTM substructures. The current root specimen design does not show
significant differences according to process and exceeds all static and fatigue
requirements.




CHAPTER 1
INTRODUCTION

Low cost composites are gaining wider acceptance as a structural material. One
form, commonly referred to as “fiberglass™, consists of glass fabric reinforcement and a

thermosetting or thermoplastic polymer matrix. The aerospace and automotive indusiries

have proven that composites have superior strength-fo-weight ratios and excellent fatigue .

resistance §vhen compared to many traditional materials [1]. Another advantage of
composites is their ability to be tailored for 'different properties using various
reinforcement configurations, matrix Iﬁaterials, and manufacturing .processes. In
addition, fiberglass is relatively inexpensive. when cdmpéred with other compqsites, such
aé carbon-ﬁber/epbxy, used in aerospace aﬁd sporting goods applications [2]. Fiberglass
composites, which where once reservéd fo; boat hulls, surfboards and othgr stiffness
dominated applications, are now being driven towards more complicated geometries and

critical structures.

.Hand Lay-up in Turbine Blade Fabrication

One industry advancing the structural implementation of fiberglass composites is
the wind turbine blade industry. The standard method of blade manufacfcurihg employs

inexpensive E-glass fabric reinforcement and polyester resin to fabricate complex




composite wind turbine blades for electrical power generation. A typical composite wind
turbine blade and its components are illustrated in Figure 1. This blade is fhe current,
MSU blade desigri for the Atlantic Orient Company AOC 15/50 turbine [3]. From this
figure it can be observed that the composite blade is composed of skin surface, spar cap,
spar web, spar flange and root components. Each substructure provides a well-defined
function to the wind turbine blade structure. The leading and trailing edge skin surfaces
give the turbine blade its airfoil shape. The spar structures support the large wind induced
bending moments on the blade. And the root section transmits the structural loads of the
turbine blade to the rotating turbine hub. - These turbine blade components vary in
thickness and lay-up over the blade’s length, as allowances must be made for the blade’s
tapered, twisted geometry. In Figure 1, Table (b) the lay-ups and thicknesses for the
current deéign can be found for the different blade components at a variety of blade
locations.

The majority of the turbine blade industry uses the low budget, hand lay-up
manufacturing technique to combine resin and fabric components. In the hand lay-up
process, fiber reinforcement is manﬁally inserted into a single-sided mold, where resin is
then forced through the Fhickness of the fiber mats using hand rollers. After the fabric is
saturated, excess resin is removed with squeegees. The part is allowed to cure .and is
finally extracted from the mold. A primary advantage to the hand lay-up technique is its
ability to fabricate very large, complex parts with a quick initial start-up. Additional

benefits to the process are simple equipment and tooling that are relatively less expensive
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than required by other manufacturing options. Yet, the drawbacks of hand lay-up suggest
that other methods of composites manufacturing may be more desirable in industrial-scale,

wind turbine blade fabrication.

Drawbacks Inherent to Hand Lay-up

Hand lay-up’s first disadvantage is that the process is labor intensive, which can
result in high cycle times and a low volume output of parts. The nature of the hand lay-up
process may also result in parts with inconsistent fiber orientations. In other words, the
more the reinforcement is handled, the more likely strands will separate or distort from the
preform and comprbmise the mechanical strength of the composite. For the wind turbine
blade example, the open molding feature of the hand lay-up process requires one skin to
be molded at a time and in the final step, skiﬁs, spars, and core are bonded together. Such
a sequential process increases the amount of labor required, increases variability between
blades, and slows the rate of production. In addition, the method generates a textured
finish on the inner surface of the blade skin, which provides a poor condition for bonding
between parts. Tight dimensional accuracy and smooth surfaces at the bonding interface
are more desirable.

Another drawback inherent to hand lay-up is its yielding of laminates of variable
thickness. This raises concerns wi‘th bond line thicknesses, uniformity of composites, and
blade weights. To allow for the larger deviations in 'ghickness found in hand lay-up

geometries, looser tolerances must be allowed at the bond lines where the blade

substructures are joined together. This allowance substitutes bonding materials for .

structural compdsite and increases blade weight. Variations in laminate thickness also




determine the range of fiber volumes in a given composite. This presents a problem in
hand lay-up because its dimensional tolerances often yield composites of non-uniform
fiber volume and mechanical strength. Maintaining fiber volumes higher than those found
for hand lay-up significantly decreases blade mass. For example, a mass savings of
approximately 6.3 kg or 10% would result in the current composite l')lade design for the
AOC 15/50 turbine, if a single skin laminate thickness could be compressed by one
millimeter over the length of the blade. Lastly, this fechnique raises environmental and
safety concerns with the amount of hazardous volatiles it releases. Hand lay-up is a
proven process for constructing composite turbine blades and othfar structures, but the
method’s limiting volume output and part inconsistencies motivates research into other

manufacturing techniques.

The Potential of Resin Transfer Molding |

There exists a wide variety of alternative techniques available for the
manufacturing of composites. Compression molding, prepreging, vacuum molding,
pultruding, filament winding, and resin transfer molding are just a few of the current
options [4]. Candidates of interest to utility-grade wind turbine blade fabrication need to
improve fiber volume, lower the blade weight, increase struc’.cural reliability, and decrease
the overall cost of blade fabrication. Through previous work conducted by the
Composites Technblogy ;I'eam at Montana State University and Sandia National
Laboratories, resin transfer molding or RTM was identified as a viable process in blade
fabrication [5]. Resin transfer molding is a‘relatively new process that has received a

significant amount of attention due to its potential in low budget applications. This
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process begins with the placement of the reinforcement mat, or preform, into a two-sidea
closed mold. The resin is then forced through the length and width of the mold by
applying pressure, drawing a vacuum, or a combination of the two. After the resin is
applied, the part is cured and finally removed from the mold. Resin transfer molding is a
very versatile process and can be performed with or without the influences of post-
molding heat and pressure [6]. The method has had limited exposure to manufacturing
turbine blades, but RTM has many advantages over the hand lay-up technique, even after

consideration of RTM’s limiting factors.

Concerns Associated with RTM

RTM’s first limitation is initial cost. In comparison to hand lay-up, the equipment ‘

necessary for RTM is more expensive. In hand lay-up, the minimal equipment required
is a one-sided mold, the resin applying rollers and the resin removing squeegees, while
RTM requires a two-part closed mold, along with the ‘resin injection equipment.‘ Another
challenge facing RTM is that resin flow can be difficult to predict, due to fhe nature of
the closed mold process. Resin flow around corners and through joints is not easily
predicted because locally hjgh fiber volumes in these regions can drastically change mold
fill behavior. Currently, RTM operators cannot accurately anticipate these effects, nor
can they visually verify whether the part has reached full saturation before the injection

process is shut down. If the part is not entirely “wetted out”, dry spots or voids are

introduced, which may require rework or part rejection. Flaws in resin transfer moldings

can also be introduced if the operator uses resin injection pressures or flow rates that are




too high. In this instance, fibers can be distorted or possibly “washed out” resulting in a

part of questionable mechanical strength.

The Advantages of RTM

'Despite its limitations, RTM does have many advantages over other methods of
turbine blade construction. First, large and complex parts can be fabricated. When
compared with present blade manufacturing methods, RTM has much lower cycle times
and higher volume outputs. Resin transfer 'molding also produces parts with a higher
degree of repeatability. The structural properties of a hand laid-up blade depend upon the
pressure and speed at which the operator physically applies the resin, while in RTM,

speeds and pressures remain constant and blades are removed from molds identical to one

another [7]. Of all the methods analyzed, RTM is unique in its potential for molding an |

entire blade in one step. In addition, RTM produces smooth-surfaced parts on both inner
and outer mold surfaces. Both methods generate an acceptable airfoil surface but only
RTM’d skins have a good surface finish on the interior, which is ideal for secondary
bonding. Lastly, RTM’s closed mold feature is a more environmentally friendly process

because fewer volatiles are released.

Research Evaluation Objectives

Worldwide, wind turbine designs have improved substantially due to composite

technology [5]. As composite usage becomes more commonplace, manufacturing efforts

will continue to focus on minimizing the time required to fabricate blades while

increasing dimensional tolerances, repeatability, fiber content, and affordability. These
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S‘econdly, the mechanical perforrﬁances of the five composite substructures were
compared for each method of manufacturing. This component of the manufacturing .
evaluation heiped to determine any differencés between the strength to weight ratios and
fatigue cycle lifetimes of hand laid-up and ‘.R.TM’d structures. Flat plates were tested |
under five -c*émmon loadings: transverse.tensionﬂ,A c;;)mpression, three-point bending,
tension, and fatigue. Thick and thin flanged T-stiffeners were ;cested ina stiffenér pull-off
configuration, while I-beams were loaded under four-point bendiﬁg in fatigue. The final
mechanical testé involved the root-specimen in ténsile and fatigueu loading to lgalllge‘
differences in the structural performances of hand lay-up and RTM in a tiﬁck, :

complicated geometry.
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CHAPTER 2
BACKGROUND

Resin Transfer Molding Technology

Resin transfer molding applications and the technologies being developed to
enhance the process are on the rise. As new industries adopt RTM, unique innovations
are introduced that drive the method toward manufacturing stronger, more economical
parts. These interests in RTM have required a closer look at the mechanics of the
molding process and molded parts. This has motivated studies on RTM processing [8-
16], methods of defect introduction [17-26], and resultant structural performance [27-30]
in an attempt to enhance the understanding of RTM science. RTM models, porosity
observations at different flow rates, strengths of various fabric reinforcements,
temperature effects on cycle times, convergent flow fronts, and the impact of porosity on
mechanical properties are topics that ilave been investigated and will be mentioned in |

prelude to the experimental investigations performed in this work.

Flow Modelimg-

An area that has been the focus of significant RTM research is the modeling of
resin flow for the resin transfer molding process. Modeling is a critical topic in the

advancement of RTM because it addresses a primary drawback — the insufficient
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Micro-model (Darcy’s Law): | V,=- & é—f—i ‘ (1)
. ﬂ AZ
Where:V, = velocity (in z direction) k, = permeability (in z direction)
M = viscosity of resin ‘ AP/Az =1local pressure gradient
2
Macro-model (Navier-Stokes): p(aVz - _a_p nyy 6 V. 5 v, )
o ot Oz o ay

Where:p = density of resin
- t=time
z = location along specimen length

x = location through width

¥

V= velocity (in z direction)
p = pressure applied to resin
1 = viscosity of resin

y = location in thickness

Darcy s Law (Eq. 1) evaluates the flow through fibrous bundles while the Navier-Stokes

equation (Eq. 2) acts as a a field solver that 1ncorporates flow through channels

"Results of model predictions for resin

flow through ‘uniditectional, stitched

preforms, and multi-layer configurations (Fig. 4) have agreed well with experimental

results [8]. These results have illustrated that inéorporating channel flow is important for

properly modeling the RTM process. Dueto the large difference between permeabilities
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University of Surrey RTM Flow Model. Lekakou and Badger have also

developed a mathematical model which will predict ﬂow fronts using the micro- and
macro-approach discussed in the MSU RTM model [9]. The experimental verifications
these two authors performed varied resin viscosity, fiber volume and tow radius to
compare against predicted and measured infiltration times. A noteworthy aspect of this
model is its ability to accurately capture micro-infiltration times. In accordance with
Darcy’s law (Eq. 1), as the resin moves away from the injection port, local mechanical
pressures will decrease and micro-infiltration times will increase. This behavior,
predicted analytically, was also obsérved in the experimental procedures. Additional
tests imposing viscosity changes were performed that verified proportional chanées in
macro- and micro-infiltration times with Darcy’s Law. Fébrics of varying tow diameters
were also included in this study. The results demonstrated the relationship of fiber tow
diameter to macro-pore diameter, macro-permeability and macro-capillary pressure in
resin transfer moldings. The last parameter Lekakou and Bader addressed was fiber
volume. In their study, fiber volumes were varied between 30 and 58% which resulted in
the macro-porosity changing from 0.48 to 0.034%, respectively, while micro-porosity
was assumed constant. Their work was also able to repeat previous experiments where
higher pressures and flow rates used in the RTM process determined a mold fill behavior
that was macro-flow dominate. In addition, Lekakou and Bader found that higher fiber
volumes lead to a decrease in macro-permeability. For experiments at a 58% fiber

volume, the authors reported that micro- and macro-infiltration flow fronts were identical
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to one another and at this level of fiber content changes in pressure had no effect on

changes in permeability.

Flow Rate and Porosity

The ideal composite would be free of porosity. Unfortunately, voids in composite
materials are a real problem that stems from the mechanical combining of resin and fiber
reinforcef}lent. Pores inside a composite do not transfer stresses, act as stress
concentrators, and degrade mechanical properties. They are introduced by a number of
means in both hand lay-up and RTM: through air bubbles entrapped in the resin mixture,
through the release of volatiles and dissolved air during cure, or through the épplication
of resin. Hinrichs suggests that voids will raise concern only if they reach a level beyond
1% of a sample’s Voluﬁe [30]. Both hand lay-up and RTM may produce parts exceeding
this allowable level of porosity and require further investigation to determine whether it
is possible to consistently maintain void content under 1%.

Hand lay-up has not received a significant -amount of attention with respect to
porosity content. This is due to the inherent variability of the hand lay-up process and the
many ways voids can be introduced. RTM on the other hand, is being studied
extensively, and a particular area of investigation includes determining the factors of pore
formation. One such study was performed by Hedley ‘concerning flow rate versus
resultant porosity [33]. His work looked at varying flow rates for the RTMing of a
polyester/random mat system and then recording pore diameter, void content, entrapped
air location and differences between macro- and micro-flow levels. The four flow rate

tests performed illustrated that as volumetric flow rate was increased, percent porosity
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and the average pore diameter increased as well (Table 1). It is often observéd in
experiments and predicted by Darcy’s Law that porosity has the tendency to increase as
the distance from the injection port increases (the pressure gradient becomes insufficient
to drive entrapped air out of the mold). For the small plates Hedley molded, the distance
from the injection bort most likely did not play a significant rolg:. However, for the larger
specimens being fabricated in the current study, ‘i-t will be important to note porosity

contents with relation to

Table 1. RTM flow rate versus percent porosity results by Hedley [33].

Flow Rate Volumetric Flow Porosity Average Pore
Test Rate (mL/min) (%) Diameter (mm)
1 . 3 022 - 0.015
2 6 0.27 0.022°
3 24 - 0:39 0.026
4 54 0.53 ‘ 0.028

injection location. Lastly, the current evaluation employs industrial grade RTM

machines with much higher volumetric flow rates than those listed in Table 1. The

correlation between these higher flow rates and pbrosity levels will also be determined.

Fabric Reinforcements in RTM

Another RTM investigation was performed by Pearce, et al. on the effects of

fabric architecture in composite processing and properties [34]. For RTM applications, '

industry maintains a wide range of fabrics, many of which cluster individual fiber strands .
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into bundles to ease reint;orcement manufacturing, to secure fiber orientation and to
enhance resin permeability. However, reinforcement fabrics using fiber bundles generate
a composite of non-uniform construction on the micro-scale. Referring back to Figure 3
will demonstrate this more clearly. The fiber bundle halves shown contain the individual
strands of glass that provide mechanical strength to the composite. At the circumference
of these bundles, a large discontinuity éxists where stresses a¥e transmittgd to the
significantly weaker polymer matrix material. For mechanical performance, fibers that
are distributed evenly over the entire cross-section (for example, prepreés) would yield
little discontinuity and stronger materials. = However, since channel flow and
reinforcement integrity remain necessities of the RTM process, RTM’d parts continue to
suffer from decreased mechanical performance due to the use of clustered tows [35].

The study conducted by Pearce, et al. compared degradations in strength to fabric
weave type. Their work examined three widely used carbon fiber fabrics and fatgd them
according to the resultant composite’s mechanical properties so tha’E observations could
be made on which fabrics minimize the loss of strength in composites; using fabrics with
bundled reinforcement. The three fabrics examined were satin, twill and Injectex®
weave reinforcement (Fig. 5 a-c). They were studied according to porosity content, resin
permeability and inter-laminar shear strength (ILSS), the results of which are summarized
in Table 2. In the permeability study, it was found that channel size had an important
correlation to resin infiltration, void formation, and void volume fraction. Larger
.channels (in the twill and Injectex® fabrics) were found to increase macro-flow and

consequently, propagate a quicker transverse micro-flow that filled the bundle tows. The
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process, processing temperature is the single most important when cycle times are
concerned. Temperature is the easiest way to control resin viscosity, a first-order
variable in Darcy’s Law (Equation'1). With RTM at arﬁbient temperatures, injections
can take only a few of minutes, while the curing procedure can consume an entire
workday. Elevated injection and cure temperatures are the only variables that can greatly
decrease the molding cure time for a given laminate.

The poiyeste,r resins used in typical, low-budget applications initiate cure through
a natural, exothermic reaction. When catalyst and resin systems are combined, the
catalyst will initiate cross-linking, then gelling, and finally, curing of the thermosetting
resin. During curing, the matrix will generate a significant amount of heat as the
composite reaches the final stages of the RTM process. A study performed by Yu and
Young investigated the influences elevated temperatures had on reducing the time
required for the RTM cycle [36]. Their work examined two resins, unsaturated polyester
and epoxy, and found optimal conditions in Which to elevate injection line temperature,
mold temperature and cure temperature in order to minimize the time required for RTM’d
parts to cure. Yu and Young recognized that minimizing mold filling time and cure time
would reduce energy consumption over the complete RTM cycle. The challenge they
faced was to develop an algorithm which found processing tefnpératures that would allow
complete mold fill just short of gel conversion times while also not exceeding the resin’s
degradation temperature. The degradation temperature is a property that, when exceeded,
will break down the structural integrity of the resin system. The work performed by Yu

and Young also found that in an RTM mold during process cycling, the part being
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manufactured can have a wide distribution of temperatures which will result in a different
thermal history for each point in the mold. This condition was found to yield varying
deformations and non-uniform properties for each specimen. The processing
temperatures Yu and Young prescribe, through the development of a mathematical
algorithm, will minimize the effects wide temperature ranges .have on the RTM process.

Their findings for RTM temperature ranges and optimal processing conditions for

unsaturated polyester and epoxy resins are shown here in Tables 3 and 4, respectively.

Table 3. Suggested RTM cycle temperature ranges by Yu and Young [36]

Injection Line Mold Fill Post-Fill Cure
Resin System Temperature | Temperature | Heating Rate | Temperature
Unsaturated Polyester 20 - 40°C 20 - 40°C 1-7°C/min | 60-120°C
Epoxy 20 —40°C 20 - 60°C 1-7°C/min | 100 - 180°C
Table 4. Optimal RTM cycle temperatures under Yu and Young [36]
. Injection Line Mold Fill Post-Fill Cure
Resin System Temperature | Temperature | Heating Rate | Temperature
Unsaturated Polyester 25°C 24°C 7°C/min 91°C
Epoxy 39°C 31°C 3°C/min 159°C

Convergent Flows and Mechanical Properties

The detrimental effect of porosity on composite strength was discussed earlier in

this section. A porosity initiating mechanism not mentioned at that time was convergent

flow fronts. Because of their importance in molding very large parts, like wind turbine -
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blade components, convergent flow frc;nts, and their resultant mechanical properties,'
deserve special attention.

Hand lay-up, like rﬁany otl-ler compésites manufacturing techniques, permeates
resin through the reinforcement fabric over very short distances. Resin is applied and
forced through individual layers that are commonly less than 1 mm thick. RTM is faced
with a very different challenge — the pressures being applied may have to drive resin over
very large distances. For example, in the RTMing of a composite turbine blade skin,
thicknesses may- range between 2 — 20 mm, while lengths can exceed 9 meters. If such a
part were to be injected with a single end port, areas of low pressure gradients would
exist over the entire 9 meter span. T.he hypothetical injection would reciuire an extremely
large amount of time since resin inﬁljcration is dependent upon localized pressure and
flow rate. What is éommonly suggested “to‘ alleviate this dilemma is an injection
manifold. A manifold will inject resin, either simulfaneously or at staged intervals, at
multiple points in the mold. This procedure reduces filling times by greatly increasing
'lo'cal resin pressures and reducing the lengths in which resin must travel. The only
concern multiple injection points raise is the porosity introduced by convergent flow
fronts. On a micro-level, RTM’d parts can acquire porosity from the macro-flow racing
ahead and then permeating the fiber bundles radially. As the microscopic flow fronts
converge, air can become entrapped between individual fibers as flow front pressures
cancel one\another. On a macro-level, convergent flow fronts are also formed with the
use of multiple injection ports. When two flow fronts confront one another, the pressure

will equalize, resin flow will cease, and any air trapped in the fingers of the flow fronts.
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will remain in this localized region. The level of void content found here can be quite

high and was studied extensively by Pearce, et al. [37].

Vacuum applied to RTM molds is an excellent solution to void formation uﬁder |

convergent flow fronts [18, 19]. With vacuum drawn on the mold, voids will have
insufficient internal préssurg to support themselves and will eventually collapse [20].
Also, the pressure gradient provided b}; vacuum results in resin that can flow into areas of
the mold without having to displace air or other gases during flow. Molds that are not
vacuum tight, however, are a problem. Any leaks in the molding apparatus will draw air
in and actually increase the porosity content [21]. Vacuum effects have also been known
to cause detrimental effects in some vi-nylesfer and unsaturated polyester systems when

used in heated molds. Lundstrom noted that pure styrene boils at 40°C with a 90%

vacuum and at 140°C under atmospheric pressure [38]. However effective vacuum may
be for certain RTM applications, there exists molding schemes where vacuum cannot
feasibly be applied. Whether temperatures, geometries, or costs intervene, the majority
of RTM applications remain unassisted by vacuum effects. For this reason, studies on
convergent flow fronts and porosity entrapment are still an important development.

The study conducted by Pearce, et al. used an RTM flat i)late mold, three carbon
fiber reinforcement fabrics and a series of injection schemes to capture the outline of high
porosity as flow fronts converge [37]. Their work also included a summary of porosity’s
effects on a range of mechanical properties. Reviewing these findings gives a clearer

picture of porosity’s role in mechanical performance:
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Voids reduce interlaminar shear strength (ILSS) [39], flexural modulus,
longitudinal and transverse tensile strength and modulus, compressive strength
and modulus, fatigue resistance and high temperature resistance [40].

The first 1% of voids can decrease bending strength by 30%, tensile strength by
3%, torsional shear by 9% and impact performance by 8% [40].

Regardless of resin type, fiber type and surface treatment, the ILSS of a
composite will be reduced by 7% for each 1% of voids up to a total percent

porosity of 4% [40].

For carbon fiber/epoxy spécimens each 1% of voids up to a sum of 5% reduced
flexural modulus by 5%, flexural strength by 10% and ILSS by 10% [41].

In carbon fiber reinforced plastics (CFRPs) with void percentages less than 1.5%,

pores tend to be spherical with diameters ranging between 5 — 20 pm. At higher

porosity contents, pores appear more cylindrical with lengths up to an order of
magnitude greater than their diameters [42].

Porosity profiles are important because areas with locally high porosities will
have a greater probability of failure [42].

Voids increase moisture absorption, which weakens the fiber/matrix interface
[43].

Voids can improve some properties such as tensile strain to failure [44]. -

These previous research topics in RTM were used for developing the

experimental molding and testing procedures of this study.
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! . CHAPTER 3

EXPERIMENTAL METHODS

Materials and Manufacturing -

The materials, equipment, and manufacturing techniques employed in the current
research were carefully chosen to represent, as realistically as possible, the practices of
modern wind turbine blade manufacturers. Through each step of processing with hand

lay-up and RTM, an effort was put forth to minimize cost, time, and difficulty of

manufacture. This methodology assured that results made in the laboratory would be-

repeatable on an industrial scale. -

Resin and Fabric Systems

- As mentioned earlier, the primary components of the fiberglass composites or

fiber reinforced plastics (FRPs) used .in the wind turbine blade industry are polyester

resin and E-glass fabric reinforcement. The unsaturated polyester fcsin processed in the

cﬁrrent research ‘was an Interplastic Corporation product, CoRezyn 63-AX-051. This

résin, when combined with Lupersol DDM-9 methyl ethyl ketone peroxide (MEKP) at .

2% by volume, yields a matrix material that is representative of the strength and cost

characteristics of typcial resins used in blade fabrication.
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‘glass strands, stitched together with a thermoplastic polyester thread. The orientation of

the zero degree bundles or tows is also in the weft direction, or more simply put, the
length of the glass bundles run perpendicular to the length of the fabric roll. D155 fabric
has excellent resin.wet-out and compressive strength properties, but because the zero
degree tows are only as long as the width of a fabric roll, currently 1.27 meters, the
reinforcement cannot be used continuously in the blade length direction. Consequently,
alternative zero degree fabrics are being investigated in an effort to borrow the
advantages of D155 for a reinforcement that supports utility-grade blade length parts.

The second glass fiber reinforcement mentioned in Table 5 is the Knytex A130

illustrated in Figure 6b. This fabric is representative of the zero degree reinforcements

currently being used by turbine blade manufacturers. The architecture of this fabric is
comprised of zero degree glass bundles that are woven and adhered to one another with a
perioendicular tow of glass fibers coated in thermoplastic polyester. The fabric weave
compromises the ultimate compressive strength (the glass tows are initially wavy), but
currently, the A130 fabric is the best option available for blade manufacturers requiring a

weft, zero directional reinforcement [5].

UC1018/V is a CollinsCraft, glass fabric reinforcement was selected for its

potential in addressing the concerns of woven, warp zero directional fabrics (Fig 6c).

The fabric architecture of this reinforcing material is notably different than those

previously discussed. UC1018/V contains bundles of zero degree glass fibers, but unlike
the other stitched or woven fabrics, the CollinsCraft product adheres its bundles to a light,

random -oriented, glass fiber véil. Potential advantages of this fabric are that the
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unidirectional bundles of glass fibers are not woven through the thickness of the fabric
nor are they stitched into confined bundles. These two factors may allow the load
carrying fibers of a composite ma-tde from this Vmateria'l to perform better than the
industrial standard A130 weaves. This fabric was studied for manufacturability in flat
plates §amples and strength performance in the I-beam geometry during the hand lay-up
?nd RTM evaluation.

DB120 was the single +45° double-bias fabric employed in this study and is
shown in Figure 6d. This fabric contains both +45° and —45° (relative to the length of the

fabric roll) layers stitched on top of one another with the same materials used in the D155

* fabric. DB120 is a double bias fabric with glass bundles running perpendicular to one

another, but it has been observed that the.reinforcement has poor fiber orientation
tolerances. The +45° and —45° individual plies tend to vary by +5° due to variations in

roll construction, material handling, and composite processing [5].

Hand Lay-up and RTM Equipment

Hand léy‘-up fabrications utilized very simple equipment and in most cases, the
same tooling or molds as the RTM specimens. The hand lay-up methodology involved
applying catalyzed resin to the tooling surface, placing an individual layer of fabric to the
mold, perrheatiné the resin through the fabric thickness with hand rollers and brushes
(Fig. 7), and then repeating this procedure for the build-up of the remaining laminate. In
thé final step, excess resin is removed with a wet lay-up squeegee. The rollers used were

typical of composite fabrication, were 25.4 mm in diameter and 89 mm in width, and are
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