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ABSTRACT

A new manufacturing method has been developed for fabricating c-channel
composite beams. The beams are to be used as test articles in four point bending tests.
The motivation behind this thesis is to study the effects that specific manufacturing
parameters have on the resulting amounts of porosity and fiber volume in these three-
dimensional sub-scale structures. The parameters considered are number of layers of flow
media, fabric architecture, flow rate of the resin, temperature of the resin, and level of
vacuum pressure used.

The manufacturing parameters were varied in a %2 factorial design of experiments
where sixteen beams were manufactured, all with varying values for each parameter. A
taguchi design of experiments was also formed to provide a comparison. The resulting
average porosity percentages and fiber volume percentages were then determined for
every beam. In addition, compression and tension tests were conducted to find the
average maximum stresses for each. Once all the data had been gathered an Analysis of
Variance (ANOVA) study was conducted to determine the effects and their levels of
significance.

It was found that the level of vacuum pressure has the most significant effect on
the porosity while the fabric architecture has the most significant effect on the fiber
volume. Overall, every parameter has some sort of quantifiable effect on porosity and
fiber volume. There are also significant two and three way interaction effects present for
each. Additionally, the Y2 factorial design seemed to provide more accurate results
compared with the taguchi design, which was inherently not comprised of data with a
normal distribution and does not include interaction effects.

Regression models were developed for the output levels of porosity and fiber
volume. This allows manufacturers to create these beams with predetermined output
levels for each and can improve testing capabilities. Also, using two layers of flow media
greatly improved the consistency of the beams, while reducing porosity and slightly
reducing fiber volume percentage. It is recommended to further implement the use of two
layers of flow media into large sub-scale structures and potentially full scale turbine
blades.



INTRODUCTION

The number of commercial products that use composite materials has gone up
dramatically in the past several decades [1]. This is particularly true for the wind turbine
industry and the demand, along with the scope, for turbine blades has increased as well
(see Figure 1). This is due to the materials’ light weight and general high strength
properties coupled with the ability for them to be formed as odd and unusual shapes via
the vacuum assisted resin transfer molding manufacturing method [2]. Unfortunately, the
material properties of composite materials are less defined compared to other materials,
such as metals or plastics. This is because the material is anisotropic and is susceptible to
manufacturing flaws. These flaws include waviness or porosity in the manufactured parts,
both of which can be caused in a variety of ways. It has been shown that these flaws

substantially decrease the fatigue and ultimate strength of a composite component [3].

WINDUSTRY

THE SCALE OF WIND POWER

Bergey Excel
10k

T4

Figure 1 - Scope of Various Wind Turbines [30]
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Porosity and wave flaws can have a significant effect on the reliability of a
manufactured component. The main advantage of using a composite material is to be able
to engineer it in such a way that it will be sufficiently strong in the direction, or
directions, of loading. Waves represent a huge problem because if the fibers are not
aligned in a particular direction, the strength will be less in that direction. Additionally,
loading will cause the fibers to slip which can cause cracking or delamination. Porosity
also represents a problem for similar reasons. Having a void in the matrix material is
essentially equivalent to having starter cracks spread throughout the specimen. With
enough load the cracks will propagate and cause premature matrix cracking and
delamination.

These flaws originate with the manufacturing of the components themselves. Due
to the enormous size of blades, small flaws often get overlooked. The Sandia report
SAND2011-1094 describes in good detail why these flaws occur and often get
overlooked [4]. Most wind turbine manufactures claim that the lifespan of their products
should range from 20 to 30 years. However, if significant flaws are present this can
reduce the lifespan dramatically as flaws will propagate and cause premature failure. An
example of what one of these failures look like is shown in Figure 2 [5]. Though
premature failures like this are not extremely common they certainly do happen. Having
the ability to reduce the number of these incidents is essential for moving forward in the
industry. By having less premature failures there will be an increase in favorable public

opinion and buyers of the blades will feel more confident of their purchases.



Figure 2 - Example of Turbine Failure [5]

The reliability of wind turbine blades has become more important over time as
well. The United States, and certain states like Texas specifically, have seen dramatic
increases in wind generation over the past several years [6, 7]. An example of how wind
generation power output has increased in recent years for the entire United States is
shown in Figure 3. The effects of the defects mentioned have been thoroughly researched
by several graduate and doctoral students at Montana State University (MSU) from the
Blade Reliability Collaborative (BRC) studies over the past few years [8, 9]. A goal of
the studies was to develop Finite Element Analysis (FEA) models that accurately
represented the effects of flaws, specifically waves. This was done by creating a physical
sample and comparing the results to computer models. Using this verified tool, it was
determined that it is possible to assess flaws in the field in order to see how they will

affect the composite part as a whole and if it could still function without failure.
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Additionally, it was determined that the location of the flaw is very important given that

different locations on a blade see different stresses.

U.S. net generation from wind, 2006-2011

terawatthours (la\
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Source: U.S. Energy Information Administration, Electric Power Monthly.
Figure 3 - Example of Wind Generation Increase [6]

The main focus of this thesis is to determine how manufacturing parameters can
potentially have an effect on the porosity flaw in wind turbine blades. With this
information a manufacturer can potentially reduce the likelihood that porosity will occur,
or design a specimen to have a predetermined amount of porosity for testing purposes.
This is significant because porosity is more difficult to observe than waves and it is
imperative that blade manufactures create specimens that result in the lowest amount of
porosity possible in order to reduce the likelihood of premature failure.

Another focus of this thesis is to determine how the same manufacturing
parameters effect the average fiber volume percentage of a specimen. This is not
necessarily a flaw but it is an important quality parameter given that a higher fiber

volume generally scales with high strength. Additionally, parameters that decrease



5
porosity may not necessarily increase fiber volume percentage. Finally, compression and
tension tests are conducted in order to get some baseline material property values and to

signify how much those values change as porosity and fiber volume levels are different.
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BACKGROUND

Sub-scale Design

The main motivation behind this thesis is another study done at MSU,
Manufacturing Process Modeling (MPM) for Composite Materials, recently done by
another MS graduate student [10]. This study helped determine how porosity and fiber
volume change during the manufacturing process of flat composite plates. Seven different
manufacturing parameters were chosen and varied while output parameters of porosity
percentage and fiber volume fraction were analyzed. Additionally, ultimate strength tests,
in tension and compression, were performed to see how they varied between the samples.
The manufacturing parameters included: layers of flow media (NFL), fabric architecture
(FAA), number of layers of fabric (NFA), injection flow rate (IFR), injection temperature
(ITS), vacuum pressure (VPS), and degassed resin (DGR). A taguchi design of
experiments was conducted and ANOVA was used to determine the main effects of the

parameters. The main effects of the study are shown in Figures 4 and 5 [10].

Significance of Effects
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Figure 4 - ANOV A results for porosity [10]
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Figure 5 - ANOVA results for Fiber Volume [10]

The main points to take away from the results are which parameters effect the
porosity and fiber volume the greatest. For porosity, number of layers of flow media,
injection flow rate, and degassed resin increase the porosity percentage while full vacuum
pressure drastically reduces the porosity percentage; this is the most significant effect.
Another note to make is that it is traditionally believed that degassing the resin should
reduce the porosity percentage but this does not seem to hold true for the results of this
study.

For fiber volume, the three most significant effects are layers of flow media,
fabric architecture, and layers of fabric. All of these have a positive effect on the fiber
volume, which is to be expected. The other four parameters all have negative, though less
significant, effects on the fiber volume. One thing to note, due to the nature of a taguchi
model, it was not determined which effects were statistically significant.

The research presented in this thesis is an extension of this study for a three
dimensional subscale composite structure. Recently, MSU designed and built a loading

frame and modified it with an actuator and roller attachments in order to have the ability
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to perform 3 and 4 point bending tests on 3 dimensional beams. The frame is shown in
Figure 6 set up with a box beam specimen that is a little over a meter long. It gives MSU

the capability to do static and fatigue testing on subscale composite structures.

Figure 6 - MSU Loadlng Frame

Taken from the composite materials handbook, the component to coupon test
pyramid is shown in Figure 7 [11]. As observed, there is a fairly large disconnect in the
pyramid from the coupon level to the actual component, or blade, level. Testing at the
coupon level certainly can give you accurate material properties but coupons are not
subject to the same loads, environment, or flaws as an entire component. Creating sub-
structures serves as a way to bridge the gap between coupon testing and full scale blade
testing. With more research being poured into sub-scale testing, it is possible to learn
more about how flaws propagate as well as how they might be mitigated. It also serves as
a means of verifying sub-scale and full-scale finite element models. The results could

potentially reduce safety factors and save money for blade manufacturers. Therefore,
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having the capability to test sub-scale components is very significant and will enable

MSU to do more meaningful research now, and in the future.

4 r"‘ ™
| COMPONENTS |

) /) 5 +
g / '
3 E
o =
w
5 g
v
= £
z -
Y E
: E
§ &

\

' ™
wy
=
e
= o
2 b
i - =
& \ s
£ ) z
w ,' \\ m

G e E e mm e EmmEmmmEmEmEmmemmEmmmEmEEmmmmmmmemEmm——————— [

Figure 7 - Component to Coupon Pyramid [11]

Another advantage to having the ability to perform sub-scale testing is the fact
that it is much cheaper than doing full scale testing. The cost of simply manufacturing a
full scale blade is enormous. Labor and material costs currently cause the price to
manufacture a 35m blade to be around $45,000-$50,000 [12]. That is a very large bill to
pay simply to test the product. The testing itself is more complicated and more expensive
as well. Shown in Figure 8, is the full scale testing of a relatively small 9 meter blade at
the National Renewable Energy Laboratory (NREL) in Golden, CO. While full scale

testing certainly has its advantages and should be performed, including sub-scale testing
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as the primary testing method can dramatically reduce the time and cost it takes to

manufacture and test components.

Now that MSU has the capability to test sub-scale components, there was then a
demand to be able to manufacture components that would be tested. It was determined
that the easiest shape to start manufacturing and testing would be a box beam. In order to
make the box beam a 1.5 meter c-channel mold was designed with flanges on either end,
shown in Figures 9 and 10. Two separate components are manufactured and then bonded
via an adhesive at the flange to create the box beam. This creates the test article and the
design for a specific test to force the article to break in the gauge section is currently
underway at the time of this writing. Additionally, having two separate parts that are

bonded together closely represents the manufacturing of real turbine blades. It is also
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possible to reinforce the box beams with a web in the middle, much like the shear webs
that turbine blades have. This would potentially keep the box from crushing during the
test.

Flaws are one of the main reasons that structures like wind turbine blades fail,
usually in a catastrophic manner. This is why it is extremely valuable to determine which
manufacturing parameters increase flaws so preventative measures can be taken to reduce
them. The manufacturing of a c-channel beam more closely represents the actual
manufacturing of a wind turbine blade compared to that of a flat plate. Due to this reason
the significant parameters of the MPM study are extended and applied to this new
manufacturing method, while changing some of the parameters slightly since we now

know more about them.

Figure 9 - C-channel Mold
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Figure 10 - Cross-Section of the C-channel Mold

Manufacturing Materials

The type of materials chosen for research is very important. As described before,
one reason for designing a sub-scale test is for the results to scale, and have more
meaning, to full scale turbine blades. Similarly, it is essential to use the same materials in
a research test setting that wind turbine manufacturers use for the majority of their blades.

The main types of material that are used in wind turbine blades are fiberglass and
carbon fiber, which are infused with a resin matrix material. For each, there are countless
possibilities of different fabric architectures that change depending on fiber orientation,
backing, and manufacturer. The two most common types of fiber architecture are 0/90
and +45/-45 fiber orientations. Additionally, balsa wood is also generally used as a core
material for the blades. It is very light weight and adds a good amount of thickness and
stiffness to the blades. For the purposes of this thesis, only the glass fabric material is
considered. The reason for only using glass is to simplify the manufacturing process and

more easily compare results between manufactured specimens.
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One of the more common types of glass fabric that is used in the wind industry is
the HYBON 2026 which is manufactured by PPG Fiber Glass [13]. It is considered a
“unidirectional” fabric however that does not mean it is entirely unidirectional. As shown
in Figure 11, the majority of the fibers are “0Os” and in the same direction. However, when
you look at the backing side there are 90 degree backing fibers as well as a random mat
of glass fibers. The purpose of the backing is to hold the highly condensed fibers
together.

Another common glass fabric is the Vectorply E-BX 0900, also shown in Figure
10 [14]. It is considered a “biax” because the dominating fibers go in the +45 degree and
-45 degree directions. However, it also has a 90 degree polyester type backing that helps
to hold the glass fibers together in the correct orientation. Only one side of the fabric is

shown because both sides are identical.

¥ A

{f LS

o S

¥ o e r

P ‘.:.w!:mf‘" 5 ‘_-:: L

o
iy

HYBON 2026 (Front) HYBON 2026 [Back] Vectorply E-8 0900

Figure 11 - Glass Fabrics
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In addition to glass fabrics, there are a few other types of fabrics that are required
in the manufacturing of a composite specimen. These include peel ply, flow media, and
vacuum bag. The peel ply is a type of fabric that surrounds the glass fabric on the top and
bottom. It serves as a sacrificial layer to enable the specimen to detach from the mold and
for the vacuum bag to be removed. Different peel plies can leave different surface
finishes as well, so the type of finish it leaves is usually important, depending on the
application. The flow media is a mesh plastic that usually goes on top of the upper layer
of peel ply. It creates space for the resin to flow during the infusion, otherwise the
bagging material would press down directly on the fabric with great force and the flow
would be restricted. Finally, the vacuum bag is a very strong, yet ductile, plastic. It holds
everything in place while the specimen is being infused with resin.

There are two different types of peel ply that are used for the purposes of this
thesis. The first one is the Compoflex SB 150, which is manufactured by Fibertex [15].
The second is Release Ply Super F and is manufactured by Airtech [16]. The Super F is
very thin compared to the Compoflex. It works very well for flat 2-dimensional plates but
tends to tear and rip if exposed to three dimensions. The Compoflex is thick enough that
it does not tear or rip when being pulled off of a 3-dimensional specimen. Another key
difference between the two is the surface finish they give. The Super F gives a very
smooth surface while the Compoflex gives a very rough, textured surface. Depending on
the application, either can be better. The rough surface that the Compoflex gives is ideal
for secondary bonding. Therefore, in the application of bonding two c-channel beams

together to create a box its surface finish is ideal.
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The flow media and vacuum bagging materials, both of which are manufactured
by Airtech, are shown in Figure 12. The flow media is Greenflow 75 and the vacuum bag
is Wrightlon 7400 [17, 18]. The flow media is a very pliable mesh while the vacuum bag

is a tough plastic that can stretch and conform without ripping.

Greenflow 75 Wrightlon 7400
Figure 12 - Flow Media & Vacuum Bag

The final material that is used for manufacturing these specimens is the resin. It is
a two part resin that is manufactured by Momentive. The first part is called EPIKOTE
Resin MGS RIMR 135 and the second part is called EPIKURE Curing Agent MGS
RIMH 1366, which is the hardener and is a mixture of RIMH134 and RIMH137 [19].
The parts are mixed together at a 100:30 resin to hardener weight ratio. This provides a
working time of 0.5-3 hours, depending on starting temperature. It is recommended to

infuse the resin at 20°C — 25°C to maximize the pot life. The reaction of the
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resin/hardener is exothermic so conducting the infusion at lower temperatures
dramatically increases pot life. Additionally, if too much resin is leftover it can melt the
bucket or start a fire. For this reason, extra care must be taken when handling this resin

system.

Beam Manufacturing

Once the mold was acquired it was necessary to determine the best, and most
reliable, way to infuse a specimen. The layup of the initial specimen was a 4 ply uni-
directional glass architecture using the HYBON 2026. Due to the inner channels it was
apparent that there would be significant race-tracking in them. For the first infusion,
almost everything was conducted as if it were a flat plate and great care was taken to
pack the material tightly into the corners to mitigate the race-tracking. Unfortunately, it
was found that this had little effect and the resin race-tracked to the end, which resulted
in the beam not being fully infused. Through some trial and error a better method was
developed.

There are four significant changes from flat plate manufacturing that made this
process work better. The first is the use of two layers of flow media with one layer on top
of the fabric and the other layer on the bottom. It is also important to drape the flow
media above and under the spiral tube at the injection end. This ensures that the resin will
begin flowing immediately on the top and bottom. It was found that using two layers of
flow media drastically reduces the amount of race-tracking. The reasons for this are

because it gives the resin another option of where to flow and it enables the beam to be
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infused at a faster rate, because the saturation takes less time. Both of these reduce the
likelihood that resin will flow down the channels.

The second change is the placement of the injection and output ports. There is still
one injection port and it is placed in the middle of the channel inside the spiral tube.
There are now two vacuum ports and they are placed on the upper flanges a few inches
past the end of the glass fabric. This spot was chosen because it is the furthest point from
the inner channel. If resin race-tracks it will have to flow up and over to the port, through
the tightly compacted peel ply. This takes enough time that allows the rest of the resin to

catch up and fully infuse the beam. An example of how this works is shown in Figure 13.

Figure 13 - Vacuum Port Placement

The third change is the use of a different, thicker peel ply. This is the Compoflex

SB 150, as opposed to the Airtech Super F that is normally used for flat plates. Due to the
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three dimensional shape this peel ply works much better and comes off in one piece
around the corners. The Super F peel ply would tear around the corners and greatly
increased de-molding time. Using the thick peel ply also seems to give a more uniform
flow front, which is also ideal.

The fourth change is the addition of large pleats. A pleat is essentially a portion
along the perimeter where you use more bagging material than is necessary to seal
against the mold. They work well when trying to account for a change in dimension on
the specimen. Four large pleats are made in the inner channels on the perimeter of the
tacky tape by taking a single piece of tacky tape, folding it over itself, attaching it to the
inner channel, and then folding the vacuum bag over it as if it were attached to the mold.
The benefit of doing this is ensuring that there is enough bagging material down the
length of the specimen to sufficiently compress into the corners. When done correctly, it
helps to reduce the amount of race-tracking. These pleats, as well as a full length
specimen in the process of an infusion, are shown in Figure 14.

The combination of these changes drastically reduced the amount of race-tracking
that was seen previously and allowed the beam to fully infuse and become saturated.
Once a good quality beam was manufactured, porosity and fiber volume samples were
taken to see how they compared to good quality flat plates. Essentially no porosity was
found using SEM imaging and the fiber volume was determined to be around 58%, which
is comparably good. The process for acquiring these values will be described later in the

thesis.
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Figure 14 - E)fcample of a Beam Mid-Injection
Once these changes were incorporated into the new manufacturing process it was
necessary to develop a standardized manufacturing procedure so that the process was
repeatable and consistent. This is also highly important for the experiment being
conducted. In order to get the real effects of parameters, the manufacturing process needs
to be as consistent as possible. The only variables that should change during the

manufacturing of any beams are the parameters that are considered for the study.
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The manufacturing procedure was kept as consistent as possible. The following

list describes the order in which manufacturing steps were taking for the manufacturing

of a typical c-channel beam assuming all materials are prepared and the mold is clean.

1.

2.

10.

11.

12.

13.

Rub the mold release agent over the entire area of the mold & let dry

Apply tacky tape throughout the perimeter of the mold

Lay down the Super F thin peel ply and tape the corners

Lay down a layer of flow media, flush with peel ply on the injection end & tape
the corners

Lay down a layer of Compoflex 150SB peel ply, leaving an inch of flow media
showing on the injection end, and tape down the corners

Lay down the fiberglass fabric such that the layup is symmetric, again leaving an
inch of flow media showing on the injection side

Lay down another layer of the Compoflex 150SB peel ply on top of the glass
fabric, and flush with the end. Then tape down the corners

By using tape, attach the spiral tube along the width of the specimen where the
inch of flow media is showing

Attach a 3/8” barbed hose tee to the center of the spiral tube

Lay down the final layer of flow media, draping it over the spiral tube & cutting
out the center portion to make room for the tee, then tape down the corners

Cut a parabola shape out of both layers of peel ply on the vacuum end

Attach 3/8” barbed hose tees on both flanges at the vacuum with tape

Use a shop vacuum to clean the perimeter of the specimen of any stray fibers



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

21
Put tacky tape on the base of all three tees
Lay the vacuum bag over top the specimen, center it, attach the bag to the tacky
tape down in the middle of both channels
Spread the bagging material across the tacky tape and use pleats in all four
corners to get both widths sealed
Use a razor to cut holes in the bag above the three tees, then press the tees through
the holes and seal against the tacky tape
Put another layer of tacky tape along the perimeters of the holes by the tees
Seal the length of the specimen by pressing the bag onto the tacky tape down the
length while watching for stray fibers
Attach a long piece of 3/8” plastic tubing at the injection port and seal the end
against the bag with tacky tape
Attach the 3/8” plastic vacuum tubes to the vacuum ports simultaneously and seal
the ends against the bag with tacky tape
Clamp the injection port tubing and turn the vacuum on with the regulator all the
way open
As the light vacuum is pulled adjust the bagging material such that the pleats line
up down the inner channels and there are no obvious large creases
Tighten the regulator all the way closed to pull to a full vacuum
Clamp off the whole system & check for leaks

If no leaks, then the specimen is ready for injection
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EXPERIMENT DESIGN

Input Parameters

At the start of an experimental design, the parameters must be carefully
determined to give the most successful experiment possible. In this experiment, the main
output variable that is of concern is the porosity. The input parameters must be chosen
with the prior knowledge that they may have an effect on it. The parameters for this study
were chosen based on the results of the MPM study and the experience gained in
designing the manufacturing process of the c-channel beams. In total, five input
parameters were chosen. They are called the factors of the experiment and they each have
a high and low level.

The first factor is the number of layers of flow media (LFM). The low level is 1
layer on top, similar to how flat plates are made. The high level is 2 layers, with one
being on top and the other on the bottom. As previously discussed, it seemed that having
2 layers of flow media dramatically improved the quality of infusion for the c-channel
beams. The reason for choosing this factor was to quantify how much of an improvement
is really gained by using the 2 layers of flow media as opposed to just 1.

The second factor is the fabric architecture (FA). The low level is a symmetrical
4-ply unidirectional glass layup using the HYBON 2026. To ensure symmetry the layup
is described as follows: (0/b)/(0/b)/(b/0)/(b/0). The O corresponds to the top layer of the
fabric, which has 0 degree fibers, and the b corresponds to the bottom layer, which is the
backing side. The high level is a custom 4-ply glass “triax” layup that uses the HYBON

2026 and the Vectoryply E-BX 0900. It is called a triax because there are glass fibers
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predominantly in three directions, 0°, +45°, and -45°. The layup of the triax is also
symmetric and follows the following description: (£45)/(0/b)/(£45)/(0/b)/(b/0)/(£45)/
(b/0)/(£45). In the previous MPM study this factor showed little effect on porosity and

an increase in FV from uni to triax. However, for this study the results could be different
given the 3D geometry and the fact that the flow front is not uniform and lateral flow
occurs to a certain degree. Due to these facts, it was chosen to consider this parameter for
this experiment.

The third factor is the injection flow rate (IFR). This parameter is more difficult to
quantify than the others. In order to quantify it effectively, it was determined to use mass
flow rate leaving the bucket of resin. The low level is “slow” and the high value is “fast”.
This may seem subjective but the slow infusion beams are controlled by a plastic needle
valve that is periodically adjusted during infusion to keep the flow rate around 3-4
grams/second. For the fast infusion beams, there is no valve and the resin is allowed to
flow freely and as fast as possible for the entire infusion. Since the beam manufacturing
process was designed to allow for a faster flow rate this parameter is essential to include
to see the effect of that change.

The fourth factor is injection temperature (IT). The low level is room temperature
while the high level is 45°C. In industry, the resin is sometimes heated in order to reduce
the viscosity. In theory, this allows the resin to flow more effectively through the fabric
and have higher saturation. However, it can also speed up the curing time of the resin.

The temperature development curves of the resin/hardener mixtures are shown in Figure
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15 for 100g of resin. The amount of resin actually used is far greater than 100g and when

the resin is mixed in larger quantities the severity of these curves are amplified.
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Figure 15 - Temperature Development of Resin/Hardener Mixture [19]

These curves are one of the reasons that a high end temperature of 45°C was
chosen. If a higher temperature had been used, the resin would not have been workable.
There is another chart, which describes how the viscosity of the mixture changes with
temperature shown in Figure 16. As can be seen, the viscosity drops from about 400mPas
to 100mPas as the temperature changes from room temperature to 45°C. This is a

significant difference and gives a good range of values for the experiment.
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Figure 16 - Viscosity of Mixture related to Temperature [19]
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The fifth, and final, factor is the injection vacuum pressure (IVP). The low level is
about .5psi, which is the closest to a full vacuum that can be achieved. The high level is
6psi, which is about a half-vacuum since atmospheric pressure is usually around 12psi at
the elevation where this study is conducted, approximately 5,000 feet. This factor was
shown to have the greatest effect on porosity in the previous study and it is suspected that
it will here as well. Given that it was the most significant factor in the previous study it is
highly important to consider it for this study as well.

Originally, two additional factors were also going to be considered. The first one
was the effect of degassing. As shown in the MPM study, the results were not as
expected. It was going to be reproduced for this study as well but it seemed unnecessary
given that degassing resin is a well-defined and accepted practice that most all of the
industry uses. There are a couple plausible reasons that the results of the MPM study
turned out the way they did for the degassed resin. One being that at MSU it is statically
degassed in a bucket in a large vacuum chamber. The bucket is not agitated so only the
top inch or so of the resin is actually exposed to the vacuum chamber. In industry they do
it much differently and usually degas the resin as it flows over a plate. Additionally, it is
not recommended to expose the resin to the atmosphere after it has been degassed [20].
The second reason for the odd result is the fact that experiment had 7 factors and 8 total
samples. Given the small sample size and the fact that not much is changing for that
factor in a low resolution study, an odd result would be reasonable for a factor that may

have no effect.
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The second factor that was going to be considered is the beam length. The mold is
60” long so beams of length 45 and 20” were going to be manufactured. However, after
some discussion, it was determined that beam length shouldn’t have an effect. Even if it
did, in industry they would simply add an additional injection port so this did not seem
like an important factor to consider. Another reason for cutting these two parameters was
to increase the resolution of the experiment.

In addition to looking at these five parameters in the experiment, four pressure
sensors are placed throughout the length of the mold. One at the injection port, two down
the length of the beam spaced evenly, and one at the end of the beam. There are three
reasons for including these in the experiment. One is to monitor the injection vacuum
pressure so it is possible to definitively say what the pressure is at the time of injection.
The second is to be able to detect if there are any leaks, small or large. Being able to
detect leaks is highly important because the presence of a leak in just one experimental
beam could throw off the entire experiment. Finally, the third reason for having the
pressure sensors is to monitor how the pressure changes at each spot of the beam. During
the infusion process, pressure data is taken and recorded for each sensor. The pressure

data is also recorded for the entire length of the mold curing time.

Design Matrix

Once the parameters of the study had been chosen, it was necessary to choose an
appropriate experimental design. A full factorial design will always give the best, most
reliable results, however it generally requires a large number of samples. For a 5 factor

design, it would require 32 samples and would include every possible combination of
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high and low values for all five parameters. In some experiments this may not be a
problem but in the case of manufacturing fiberglass beams it is given the time and
material invested to create a single specimen. Therefore, it was necessary to come up
with a fractional factorial design that gave a reasonable resolution while cutting back the
number of samples that are required.

As seen in Figure 17, there are different resolutions for different designs. The
chart is generated from Minitab and is used to determine the best compromise of a
design. The green areas represent the best possible designs that can account for all
interactions. The yellow areas represent decent designs that will show main effects and
some lower order interactions, mostly 2 way interactions. Then the red lines are bad
designs that will only give main effects, and general trends. The half fractional factorial
design is the 16 run design for 5 factors and it falls into a green area with resolution 5,
which is equivalent to a full factorial design. Based on this information, it was
determined to perform a half fraction factorial design because it gives the same results as

a full factorial design, but with half the samples required.

Available Factorial Designs (with Resalution)
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Figure 17 - Minitab Factorial Design Chart
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A resolution of 5 means the main effects can be estimated, unconfounded by

second and third order interactions. The effects of those interactions can also be
estimated. This is valuable information since there should be some interactions present in
this experiment. Additionally, there is a third order term that is confounded to create the
final factor [21]. In this experiment that is factor five, which is EEBCD. So, for example,
if the results show that factor five has a significant output, then it either truly does have
an effect or the interaction of factors 2, 3, and 4 create the effect. With previous
knowledge from experiments like the MPM study, it is known that the IVP factor should

be significant. Therefore, this is considered a safe design. The design matrix is shown in

Figure 18.
Fractional Factorial Design
Factor A B C D E=BCD
Run LFM FA IFR IT IVP

1 -1 -1 -1 -1 -1 -1
2 a 1 -1 -1 -1 -1
3 b -1 1 -1 -1 1
4 ab 1 1 -1 -1 1
5 c -1 -1 1 -1 1
6 ac 1 -1 1 -1 1
7 d -1 -1 -1 1
8 ad 1 -1 -1 1 1
9 be -1 1 1 -1 -1
10 bd -1 1 -1 1 -1
11 cd -1 -1 1 1 -1
12 abc 1 1 1 -1 -1
13 abd 1 1 -1 1 -1
14 acd 1 -1 1 1 -1
15 bed -1 1 1 1 1
16 abed 1 1 1 1

Figure 18 - Fractional Factorial Design Matrix
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The test matrix is generated by using a full factorial design for the first four
factors and then using a “generator” to come up with the values of the fifth parameter. In
this two-level experiment “-1” represents the low level and “1” represents the high level.
The generator in this case is “E=BCD”, which means that the fifth factor is generated
with the interactions of the second, third, and fourth factors. This is done by multiplying
across the row each of those factors. The result of that multiplication is what takes the
place of the fifth column.

In the previous MPM study, a Taguchi design of experiment was used to study
main effects. However, quantifying interactions using a Taguchi design is very difficult
due to the low number of samples and was a drawback from the previous study. In this
study, both experiments are being run simultaneously with the same sixteen samples. The
Taguchi design matrix only requires 8 samples and the generator of the fractional
factorial matrix was chosen such that the 8 samples required by the Taguchi matrix would
also be included in the 16 sample factorial matrix. This means that both experiments can
be run, and compared, by using the data from the same 16 beams. The purpose for doing
this is to compare the results of the two methods and to see if the interactions in this study
have an impact on the results of the Taguchi method. The taguchi design matrix is shown

in Figure 19.
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Taguchi Method
Factor A B C D E=BCD
Run LFM FA IFR IT VP
1 -1 -1 -1 -1 -1 -1
2 d -1 -1 -1 1 1
3 be -1 | 1 -1 -1
4 bed -1 1 1 1 1
5 ac 1 -1 1 -1 1
6 acd 1 -1 1 1 -1
7 ab 1 1 -1 -1 1
8 abd 1 | -1 | -1

Figure 19 - Taguchi Design Matrix

Once all the data has been collected on all 16 beams an Analysis of Variance
(ANOVA) is run with respect to porosity and fiber volume. This signifies the effects that
each parameter, and their interactions, have on the respective output variables.
Additionally, compression and tension test data will be compared to the output variables
data to quantify the drop down in strength with an increase in porosity or fiber volume for

this study.

Data Acquisition and Equipment

A very important aspect of this study is the method of data acquisition used to
quantify and measure the individual parameters. The parameters that require this are the
pressure, flow rate, and resin temperature. All of the data acquisition is done with the use
of a single Labview program and a NI-USB-6229 DAQ device. The program combines
all of the data onto a single spreadsheet for each beam, which makes the post-processing
of the data very simple. An overview of the entire Labview program, along with details

for how each sensor is programmed, is shown in Appendix F.
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The program was built in a series of steps. The most complicated aspect of the
data acquisition is the use of pressure sensors so this was built into the program initially.
To make things even more complicated, two different types of pressure sensors are used.
There are two non-flush mounted pressure sensors, shown in Figure 20, and there are two

flush pressure sensors, shown in Figure 21. Both sensors have male threads that are %4

NPT.

Figure 20 - Non-Flush Pressure Sensor
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Figure 21 - Flush Pressure Sensor

The flush pressure sensors were purchased from Omega and used in the previous
MPM study. Their model number is PX61C1-100AV [22]. These sensors have a 5V
excitation voltage and have a 0-10mV output for a range of 0-100psia. The non-flush
pressure sensors were purchased from AutomationDirect and are manufactured by
Prosense. Their model number is SPT25-20-V30A [23]. Their required excitation voltage
is 20V and they also have a voltage output, but with a range of 0-10V that corresponds to
a range of 0-44.7psia.

Once the programming for the pressure sensors was set up there was still one
more hurdle to overcome with respect to them. As was shown in Figure 20, each sensor
has a hole and the pressure sensing diaphragm is housed within it. This provided a
problem for this specific application because a resin that is cured over time is used. If the

resin gets inside the sensor, it has the potential to damage the sensor as it cures. To get
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around this problem an obvious solution is to use another liquid as a sacrificial protection
layer between the resin and the sensor. However, finding the correct liquid to use proved
to be more difficult.

The first liquid that was attempted was a thin oil. A small tube was attached to the
sensor and oil was poured into it. Then the other end of the tube was attached to the
underside of a small mold for a test plate, shown in Figure 22. The first major problem
with this is that the degassing effect caused the oil to move a couple feet up the tube
when a vacuum was pulled. This, in itself, would require a very long tube which means
the sensing of the pressure would lag behind significantly and not be very accurate. The
second problem is that once the test plate had been infused and cured, it was discovered
that the oil did not protect the sensor and resin flowed through it without any inhibition.
Steps then needed to be taken to salvage the sensor.

Over the course of a few weeks the sensor tip was soaked in acetone, which
slowly breaks down the cured resin. This was done repeatedly until all the resin had been
removed from the sensor. It was then recalibrated and tested alongside the other non-
flush sensor to make sure no permanent damage was done and none was found. Since the
oil did not work another liquid needed to be found.

The reason that the oil did not work is because it has a density that is lower than
that of the resin/hardener mixture. According to the Momentive datasheet for the
resin/hardener, it has a specific gravity of 1.18-1.20, [19]. Therefore, it was necessary to

find a stable liquid that has a specific gravity higher than this. Through some research,
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the only reasonable liquid that was found is pure glycerin. It was purchased from CVS
Pharmacy and has a specific gravity of 1.263, [25].

The same test was performed using the glycerin as the sacrificial protection layer.
Due to its high density, it does not bubble out as much when it is degassed in the vacuum
so a very short tube can be used, making it more accurate. Additionally, after infusion
and the one day mold cure time, no resin reached the sensor and it gave reasonable
pressure readings throughout the process. Shown in Figure 23, is a close up of what the

sensor looks like when it is attached to the mold, while filled with glycerin and resin.

Figure 22 - Test Plate for Sensor
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Figure 23 - Non-Flush Sensor Attached to Mold

Once all the pressure sensors had been successfully programmed and set up, it
was necessary to place them along the length of the c-channel mold. The set-up is to have
the flush sensors on the outside of the beam and the non-flush sensors spaced evenly
down the length of the beam. The beams are 45 inches long so the non-flush sensors are
placed at 15 inches and 30 inches.

Holes were drilled and tapped at these specific locations to make 1/4” NPT holes
in the mold. The flush sensors are simply threaded into the holes. The non-flush sensors
are attached by using two 3/8” to %’ brass hose barbs that are connected by a %4” plastic
tubing. The underside of the mold is shown in Figure 24, with all four pressure sensors

attached.
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Figure 24 - Mold with Sensors Attached

Similar to the pressure sensors, a couple more sensors were incorporated into the
Labview program and the details of their programming are also shown in Appendix F.
The first sensor is an Arlyn balance scale, with model number SAW-C. It serves the
purpose of detecting the mass in the resin bucket at any given time so the mass flow rate
of resin being injected into the beam can be determined. The balance, with a bucket of
resin on it, is show in Figure 25. The other sensor used in the program is an IR
thermometer purchased from Omega. It is pointed at the resin during the injection process
to measure the temperature of the resin. The reading of the IR thermometer was also
verified by using a mercury thermometer that was dipped into the resin. The readings of

the mercury and IR thermometers were virtually identical.
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o Figiire 25 - Resin Bucket on Arlyn Balance Scale

Another piece of equipment that was used in the experiment is a Neslab Endocal
RTE-5 circulating bath. The Endocal was modified to run its inlet and outlet tubes
through a large bucket so that its solution would fill the bucket and be circulated. The
solution in the Endocal used in this experiment was a water and glycol mixture. The
purpose of using this is to heat the resin since one of the parameters being considered is
resin temperature. Due to that parameter, the resin needed to be heated up to 45°C.

This was done by turning the Endocal on to its maximum temperature, 100°C, and
allowing it to fill up the bucket. It took time to heat the solution that was in the bucket but
once it was heated, the bucket of freshly mixed resin would be placed in the large bucket
while the glycol solution touches the bottom of the resin bucket and goes around the
sides. Once the resin was placed in the large bucket, the temperature of the resin was
periodically checked until it reached 45°C. This usually took around 10-15 minutes. It

was very important to remove the resin by this temperature, not only because it is the
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parameter value, but also because the resin may become unusable at a much quicker rate
at a higher temperature. Due to the exothermic reaction of this type of resin, it
dramatically increases in temperature once it reaches around 60C. The entire set up for

heating the resin is shown in Figure 26.

Figure 26 - Endocal Bath for Heating Resin

The final piece of equipment used in this experiment is the vacuum pump, which
causes the driving force behind the vacuum infusion process. The pump that is used is a
Vacmobiles 20/2 System, shown in Figure 27. The manufacturers claim that it is able to
infuse very large structures, such as a boat hull, so it is more than sufficient for this
application. It has a regulator with a valve, which allows the initial vacuuming of the

specimen to be done slowly. The reason for doing it slowly is to allow the glycerin to
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degas and let the manufacturer move around the pleats before the bagging material

becomes too tight.

Figure 27 - Vacuum Pump

The main purpose behind including the described sensors is to quantify the input
parameters and verify that each one is at its high or low level, depending on the
requirements of a specific sample. Every sensor that was described is able to do this and
this fact verifies the ability for this experiment to be performed. However, there are some

limitations inherent with the sensors used.
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The non-flush pressure sensors are slightly detached from the mold so the
pressure readings where the sensor is at may differ slightly from what is actually seen at
the specimen. However, this should be negligible during the infusion process but may not
be during the curing process. Also, the pressure sensors read absolute values so if the
atmospheric pressure changes dramatically during an infusion, the sensors may be
effected.

An additional limitation is the fact that the Arlyn balance is very noisy, especially
at low flow rates. This could have an effect on the end results by giving untrue, or
unreadable, data. However, the data output process is the same for every beam. As long
as the data is averaged well and compared relative to each other this should not be an

issue.



41

OUTPUT PARAMETERS

As stated before, the main output parameters of the experiment are porosity and
fiber volume. In addition to those, compression and tension static tests are conducted in
order to better understand the properties of the material and the effect of the output
parameters on those properties. The goal is to get an average of all these values for each
beam. In order to do this careful consideration was taken as to where the samples would
be cut out of the beams.

It was decided to have nine areas of interest. In each area there is one fiber
volume sample, one porosity sample, and three compression samples. In addition, six
tension samples are taken from the middle channels of eight beams because halfway
through the experiment it was decided to include some tension data to complement the
compression data. The first eight beams had already been cut so it was too late to include
them. The samples are drawn out on beams before they were cut and an example of all
the samples drawn is shown in Figure 28. Also, an advantage of this design is the ability

to compare values on the flanges to the channel.

Figure 28 - Samples Taken from Beams
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Porosity Analysis

Porosity is the main output parameter so it is very important to have a process that
returns an accurate representation of what the porosity percentage is in a given beam.
Each porosity sample is approximately 12.7mm x 19mm, with the longer dimension
being down the length of the beam. Once all nine samples are cut from the beam, they are

glued together in a set order and polished, as shown in Figure 29.

Figure 29 - Glued Porosity Sample

Once a porosity sample had been glued together, it was coated with iridium and
placed in a scanning electron microscope (SEM). The SEM uses an electron gun on the
column that the sample is placed under. An electron beam is focused on the surface and a
camera captures high resolution images. A .tif picture is taken for each of the nine
porosity samples. An example of what a raw image looks like from the SEM is shown in
Figure 30. As can be shown, the areas of porosity are very clear. They are the white spots

scattered throughout with the black holes in the center of them. In order to get a nominal
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value of the porosity percentage some post processing was done on the images using

ImagelJ software.

©

Figure 30 - Example of Raw Ima from the SEM

The Image] software works by manipulating the pixels in a given picture to do
what you want with them, then allowing you to perform mathematical operations on the
image. The basic idea to get the porosity percentage is to simply make the image binary
by having white pixels (color = 255) where the porosity is, and having black pixels (color
= 0) where there is no porosity. Then a simple area fraction can be calculated by dividing
the number of white pixels into the number of black pixels. This gives an accurate

representation of the porosity percentage. To do this in the software, two macros were
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developed to consistently perform the same operation on all the images. These macros are
shown and described in Appendix L.

After the macros are run, the images don't turn out exactly as intended but the
macros provide an excellent starting point. The post-processed images are thoroughly
checked to make sure every white pixel represents porosity and if there is an error in part
of the image it is fixed by using the paintbrush tool and coloring a spot white or black.

An example of the black and white post-processed image against the original raw image
that was shown before is shown in Figure 31. As seen, this process gives a pretty good

representation for what the porosity percentage is for a given sample.

iure 31 - Processing of an SEM Image

After all the images of a beam have been processed in the ImageJ program, the
batch->measure command is executed. This takes all the black and white images of a
beam and calculates a percent area of the white pixels to black pixels. To get the average
porosity percentage of the beam, all those values can then be averaged.

The majority of the porosity seen in this experiment occurs within the fiber toes,

as can be seen in Figure 30. This is pretty well representative of the majority of porosity
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samples. Most of the porosity is within the toes while a small amount shows up in the
matrix between the toes. However, there were a few examples of large voids between the
toes. An example of this is shown in Figure 32. Porosity such as this can dramatically
increase the percentage in a given sample. As can be seen, the pores are much large

compared with the small pores that occur within the fiber toes.

Figure 32 - Large Porosity Pores in Matrix

It is also important to prove that there was no location bias when taking the
pictures from the SEM. To do this, all the pictures were taken as close to the middle of
the sample as possible while covering the entire thickness of the sample. In order to

illustrate this, samples from each beam are shown in Appendix J for review.

Fiber Volume Analysis

The second main output parameter is the fiber volume. This is also a very

important parameter because it has been shown that an increase in fiber volume can result
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in an increase in the modulus of elasticity, toughness, and load bearing capacity [26]. Due
to these reasons it is ideal to optimize the fiber volume to achieve the highest percentage
that is possible for a given specimen. In order to get highly accurate results, it was
necessary to perform fiber volume burn off tests on samples at all nine areas of interest.
The average fiber volume of a beam was then an average of those values.

Each fiber volume sample is about S0mm by S0mm. The actual dimensions vary
by a good amount but this is acceptable because each sample has its dimensions
measured. The input values that are required to do the fiber volume calculation are the
two widths and the thickness. Before the burn off, the two widths are each measured in
three different spots and an average is taken. The averages are what is recorded. Then an
average of 4 thicknesses is taken (one on each side of the square) and that value is
recorded. Finally, the mass of the sample is measured and recorded. Once these steps
were accomplished, the samples were ready for the burn off.

The burn offs themselves are performed in a muffle furnace that is heated up to
650°C. They are done in batches of three because that’s the maximum number of samples
that can effectively fit inside the oven at any given time. The ASTM D2584-11 procedure
was considered and followed for the tests [27]. The initial ignition process is shown in

Figure 33.
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Figure 33 - FV Burn Off in Muffle Furnace

Once the flames die down and the majority of the resin has been burned off, the
samples still have some black residue on them. The door is closed and they are left in the
furnace for an additional 30-60 minutes while that residue slowly gets burned away. The
samples are completely burned off when there is no black residue left and all that remains
are the shiny glass fibers. The fibers are then taken out of the furnace, allowed to cool,
then weighed. The mass after burn is recorded and then all the information has been
obtained to be able to perform the fiber volume calculation.

The actual fiber volume calculation used is relatively simple. With the data
gathered, the final volume can be calculated by dividing the density of the glass into the
mass of the leftover fibers. Then, the final volume is divided by the initial volume. This is
shown in Equation 1. This is calculated for every sample and an average of all nine

samples is calculated to output an average fiber volume percentage for a given beam. The
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spreadsheets used, along with the results for every individual fiber burn off test are all

shown in Appendix G.
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Equation 1 — Fiber Volume Percentage Calculation

Compression Analysis

Another output parameter that is considered is the compressive strength. There are
a couple reasons why this is important to include. First, is that it gives another means
with which to compare the quality of each manufactured beam with each other. Second,
since the manufacturing of this type specimen is still relatively new it can serve to give
baseline values for the process that can be used for comparison in the future.

The compression testing method outlined in the ASTM D6641-09 standard is
followed as closely as possible [28]. Each compression sample is cut into 12.7mm by
140mm sample sizes with the length direction being down the length of the beam. Then
both ends are milled such that the end surfaces are flat and parallel to each other. This is
important because it ensures that the loading will occur longitudinally.

The test fixture that is used is called a combined loading compression (CLC)
fixture and is shown in Figure 34 with a compression sample inserted within it. Before a
sample is fixed, its sides are sanded so that they become more flat, this allows the test

fixture to grip them better. The sample is then put precisely in the center of the fixture
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and each sample end is made flush with the fixture ends. Finally, the screws are tightened
to a sufficient torque and the test is ready to be conducted. As the ASTM standard
recommends this gives a gauge length of 12.7mm. If a there is a gauge length longer than
that, then there may be issues with buckling. The test is conducted on a servo-electric

Instron 8562 testing machine with a 100kN maximum force.

Specimen

Figure 34 - Combined Loading Compression Test Fixture [28]

The next area of concern is how tightly the eight screws should be torqued to give
the proper failure mode. Depending on how tight they are, three typical failure modes
will generally occur, shown in Figure 35. If the screws are too lose, the coupon will have
an end failure where it slips and the ends are crushed. If the screws are too tight then a
stress concentration will occur at the grips and cause a potential premature failure. If the

screw torque is just right, then the best failure will occur, which is in the gauge section.
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End Failure Grip Failure Gauge Failure

Figure 35 - Three Types of Failures for Compression Tests

The ASTM standard recommends using a 20-25 in-1b torque on all eight screws
however, that’s for samples with thicknesses of 2-3mm. The thicknesses of the samples
used in this experiment range from 3.5-5mm so the torque was increased to 40-45 in-1b.
This still proved to be too lose because the majority of the initial tests gave end failures.
After iterating with various torques it was eventually found that a 50-60 in-1b torque
seemed to give the best values. Though some end and grip failures still occurred there
were significantly more gauge failures.

A total of 27 samples were cut from most beams, and there are 16 beams. Due to
the large amount of samples it was necessary to reduce the amount that needed testing.
For the majority of the beams, one sample was tested from each area of interest.
However, if the test did not seem to go well another coupon from the same area of
interest was tested. This vastly reduced the amount tests that needed to be performed but

still gave a good number of samples to be averaged. Once all the tests were completed for
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a beam, the numbers were averaged to give an average compressive strength for a

specific beam.

Tension Analysis

The final output parameter that is considered is the ultimate tensile strength. The
testing procedure for this closely follows what is described in ASTM D3039 — 14 [29].
The dimensions of the samples are 25.4mm wide by 254mm long, with the length
direction being down the length of the beam. For the beams that have tensions samples,
six were cut out from the bottom of the c-channel. Only eight of the beams have tensions
samples because it was not determined to include them in the study until halfway through
the experiment. However, eight beams worth of samples still gives enough data to be
meaningful and show some trends.

Unlike the compression samples, the tensions samples are tabbed. Four tabs are
cut out for each sample and they are glued to both ends of the sample, on both sides.
They are also slightly sanded beforehand to give them a slightly rough texture on the
inside, which allows the adhesive to bond better and reduce the chances of a grip failure.
Once the tabbing is complete, the samples are ready for testing. A tensile coupon that is

loaded in the Instron just prior to testing is shown in Figure 36.
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Figure 36 - Tensile Coupon Test

The device that is attached to the sample with rubber bands is an extensometer. It
measures the strain in the gauge section of the coupon. The strain data, along with the
load data, is output into a .csv file. The data obtained from that file is then used to create
stress-strain curves for all the samples tested. The curves give the modulus of elasticity
for each sample and the ultimate strength of each sample is also recorded, which allows
the ultimate stress to be calculated and averaged for each beam tested. An important
procedure to note is that the extensometer is detached from the sample prior to final
failure. The reason for this is to reduce the likelihood that the extensometer will be
damaged because the failures are very sudden and catastrophic. A couple examples of

tensile failures are shown in Figure 37.
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"Unidirectional" Failure "Triax" Failure
Figure 37 - Tensile Coupon Failures

The figure illustrates the two types of failures that were observed. There are two
different types of layups and each layup responds with a slightly different type of failure.
Obviously, both are very catastrophic tensile failures but there are some minor
differences in what is observed. The “unidirectional” failure shows a lot of splintering of
the fiber toes, which then go in all directions. The “triax” failure shows a lot more
delamination and the fibers break in the 45 degree plies, which makes practical sense

because those plies are not going to be able to hold as much load in the tensile direction.
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EXPERIMENT RESULTS

This section of the thesis will focus on presenting the overall results of the
experiment. These results include the sensor output data that was used to monitor the
various output parameters as well as the output parameters for each specimen, as
observed. Observations of the results are also discussed and the main significance of the

results is summarized in the conclusions chapter, which follows this one.

Mass Flow Rate

As was previously discussed, the mass flow rate data for every beam infusion was
gathered. This is necessary because one of the input parameters is the injection flow rate
and this is how it is proven if a beam was injected at a “fast” or “slow” rate. If this
parameter had not been monitored, then there would be no way to determine whether a
fast or slow rate actually occurred, other than the manufacturers’ discretion. An example
of the output for mass flow rate in a “fast” beam is shown in Figure 38, while an example

of a “slow” beam is shown in Figure 39.
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Beam 12 Averaged Mass Flow Rate Plot
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Figure 38 - "Fast" Mass Flow Rate Example
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Figure 39 - "Slow" Mass Flow Rate Example
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The resin was immediately allowed to flow freely in the “fast” injected beams.
This caused the flow rate to jump up to 20+ g/s for the first several seconds and stay
relatively high for the first 5 minutes. The resin flow in the “slow” injected beams was
controlled by a needle valve and had its flow rate start, and hover, at around 4 g/s while
slowly loosening the valve as the pressure differential decreased. Shown in Figure 40, the
mass flow rate graphs for all beams are stacked against each other for comparison. The
black lines represent “fast” flow rates while the white lines represent “slow” flow rates.
The black lines all look similar to the “fast” injection example and the white lines all look
similar to the “slow” injection example. Also, as shown in the graph, there is a clear
difference between the black and white lines which shows there was a significant
difference in “fast” and “slow” injection rates. The mass flow rate plots for all beams are
displayed in Appendix D.

Another observation to be noted is the noise that is present, especially in the
“slow” flow rate examples. As stated earlier, this is mostly due to the inherent nature of
the Arlyn balance, and the fact that a derivative is being taken. The noise is generated by
the bumping of the balance or loosening of the valve. It is more severe in the "slow" flow
rate examples because the numbers are smaller and a derivative is taken. When the
difference in numbers is smaller, then there is a larger chance for noise or error. Even
though a large amount of noise is present, the general value and trend of the flow rate is

obvious. This is all that is needed to be able to justify if a flow rate is “slow” or “fast”.
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Mass Flow Rate of all Beams
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Figure 40 - Averaged Mass Flow Rates for all Beams

The black lines all jump up to very high values and then drop down relatively
quickly. The white lines all start out around the same values and have a very slow
decrease in value over time. It’s also obvious that the black lines go to zero much quicker
than the white lines, again showing the difference in flow rates by showing overall
infusion time.

It must also be stated that there is no flow rate data for beam 15, which is a “fast”
flow rate beam. Most likely due to the computer being kept on for so long, Labview had
an error associated with it conveniently just prior to the injection of beam 15. This caused
the output of the scale to continuously read zero, but all the other sensors were working
as intended. The error could be fixed with a reboot of the computer but the resin had been

prepared and everything was calibrated for that specific set up already so the decision
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was made to go ahead with the injection and omit the beam 15 mass flow rate data. This
was reasonable since it was a fast flow rate beam and the resin was allowed to flow

freely. Regardless of gathering the data, the beam was injected at the fastest rate possible.

Resin Temperature

For similar reasons to the mass flow rate, it was also necessary to monitor the
temperature of the resin during injection because it is one of the input parameters. The
low temperature value is room temperature, or around 20°C, and the high temperature
value is 45°C. An example of the data output for a low temperature beam is shown in
Figure 41 and an example from a high temperature beam is shown in Figure 42. As
expected, the resin heats up over time though this is much more significant in the high
temperature injection because it starts out at an elevated temperature, which accelerates
the exothermic reaction.

Based off these two graphs, there is a clear and significant difference in the resin
temperature between the two examples. In order to accurately compare the resin
temperature between all beams, the average temperature of the resin during the injection
of each beam was calculated. These averaged temperatures for each beam are shown in

Table 1. Additionally, the temperature plots for all beams are displayed in Appendix C.
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Beam 5 Temperature Plot
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Figure 41 - Low Resin Temperature Injection Example

Beam 11 Temperature Plot
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Figure 42 - High Resin Temperature Injection Example
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As can be seen, there is some variability in the resin temperature at the high and
low values. They all start out at the same values but, due to the length of infusion,
sometimes the resin heated up more from the reaction in some beams compared to others.
However, this comparison shows a clear and significant difference in resin temperature at

the high level compared to the low level.

High Temp. (°C) | Low Temp. (°C)
53.7 25.9
47.8 24.3
65.2 27.5
53.7 25.5
50.7 233
60.5 26.5
53.4 28.2
59.1 26.3

Table 1 - Average Resin Temperature During Injection

Injection Pressure

The vacuum pressure at the time of injection is also a parameter of the
experiment. It was important to include pressure sensors into the mold for this reason, but
also for a couple others. Including pressure sensors allows the manufacturer to detect
leaks very quickly. Without them, it can take an hour or more to significantly observe if
there is a leak or not. Another reason for including them is to see how the pressure
changes within the specimen as it is being injected with resin and when it cures on the

mold.
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An example of a pressure plot that is generated during injection is shown in
Figure 44. Pin and Pout are the flush sensors that are attached at the beginning and end of
the specimen down the channel, respectively. P1 and P2 are the non-flush sensors that are

attached to the mold at 1/3 intervals down the length of the beam.

Beam 7 Injection Pressure
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Figure 43 - Injection Pressure Plot Example
For a relatively “good” infusion, this is what should be expected. Pin sees a fast
increase in pressure as the resin fills the spiral tube and when the flow is the quickest,
then it slows down and has a slow increase for the rest of the infusion as more resin flows
through. P1 and P2 are essentially mirrors of each other such that P1 increases in pressure
slightly faster than P2. If there were a sensor direction in the middle of the specimen you
can imagine that it would be a straight diagonal line. Finally, Pout is the last sensor to see

any pressure change since it is at the end of the specimen. Once the resin reaches the end
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of the beam the pressure rises quickly and levels off to be about even with the other
sensors. In this example, and many of the others, Pout also sees a cyclical change in
pressure. The cause for this is the placement of the output sensor in relation to the
vacuum ports. The sensor is at the bottom of the channel while the two ports are at the
top of the flanges and either side of it. This causes the pressure to move slightly up and
down as the sensor is seeing the effects of both vacuum ports at once.

Figure 43 certainly does not representative the data gathered for all of the beams.
All of the beams in the experiment show the same general trend but there are minor
differences. In some beams there is more race-tracking, which causes the resin, and
pressure, to reach the end sensor at the same time, or before, the middle sensors. An
example of this is shown in Figure 44. The other main difference that occurs is the
general slope and shape of the lines. This changes seemingly based on how quickly each
beam is infused. One that is infused more quickly will have steep slopes compared to one
that isn’t infused as quickly. This makes logical sense considering the increase in
pressure comes purely from the resin that is being infused into the specimen.

Another observed difference is that Pin sometimes has a slightly higher value than
the other sensors at the end of an infusion. This is because the sensor properties change
slightly as the sensor is threaded into the mold. It is also zeroed against the non-flush
sensors, which are more accurate, when a full vacuum is pulled. Therefore, once it sees
near atmospheric pressure again it is off by a small amount. The plots for the injection

pressure of all beams are shown in Appendix A.
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Beam 4 Injection Pressure

12

—_—=
L4 J—
10
8
— ——Pin
= e S —
o —-P1
)
§ P2
§ 4 Pout
o
2
0
0 5 10 15 20 25 30 35 40

Time (minutes)

Figure 44 - Race-Tracking Pressure Plot Example

In order the illustrate the differences in pressure and change in pressure, a couple
plots were generated by plotting Pin and Pout relative to each other for all beams. The
injection port pressure, Pin, for every beam is plotted next to each other in Figure 45.
Here you can really see the difference in slope for some of the beams due to their
different manufacturing parameters. However, overall most lines have the same general
shape. Beam 8 is somewhat an outlier because there was an error in the placement of the
sensor relative to the beginning of the beam. It was placed too far away, by an inch, so it
was sealed off and did not see much of a pressure change. Beams 3 and 9 also have a
significantly different shapes. This is due to the fact that they are slow injection beams

and have triax architecture. This causes the infusion and saturation time to be much

slower, causing the discrepancy.
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Injection Pressure for all Beams
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Figure 45 - Injection Pressure for all Beams

A more significant difference is found when you look at the comparison of the
output pressures, shown in Figure 46. The slope of pressure increases and the time at
which the resin reaches the final sensor changes drastically between each beam. Even
though that is the case, the resulting pressures still mostly end up between 11 and 12 psi.
The main exception to this is Beam 3 in the plot. During that infusion, the resin had
heated up too quickly and the infusion was stopped slightly prematurely, which is why
the output pressure ended so low. However, the beam still became fully saturated with
resin and the data acquisition was stopped when the vacuum was turned off so that data
was not gathered. Another observation from this plot is the differences in total infusion

time between the beams. Beam 4 has the longest infusion time, at around 40 minutes
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while the shortest infusion time seems to be beam 15 at around 17 minutes. The

remaining beams fall somewhere in between those values.

Output Pressure during Injection for all Beams
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Figure 46 - Output Pressure for all Beams

As stated before, one of the main reasons for including pressure sensors is to
prove that there is a difference in pressure between the high/low injection vacuum
pressure beams, and to quantify it. This satisfies a requirement presented by the injection
vacuum pressure parameter of the experiment. To prove this, a table of the high and low
values was generated, which shows the difference in starting pressure. This is shown in
Table 2. As can be seen, there are eight high values at around 6 psi and there are eight
low values at around .4 psi. This is essential because at the end of an infusion the
pressure inside a specimen, for most specimens, is around 11-12 psi. Therefore, once a

beam has been fully infused, it is not possible to determine what pressure it started at.



66

High Pressure (psi) |Low Pressure (psi)
6.0 0.4
6.0 0.4
6.0 0.4
5.9 0.4
6.0 0.3
5.9 0.4
6.0 0.5
6.0 04

Table 2 - Injection Pressure Values

Another aspect to the pressure study is to see how the pressure changes after the
infusion is complete. This is when the hoses are clamped off and the specimen is left to
cure on the mold for 24 hours. Pressure data was gathered on all beams for their mold
cure time in the same manner that it was gathered for the infusions. The results of the
data are not entirely consistent. What one would expect to see is the pressure in all four
areas to level out and attain around the same value. Provided there is no leak, they should
remain relatively constant throughout the cure at a level below atmospheric pressure.
This occurred in Beam 2 and the data is shown in Figure 47. As can be seen, the pressure
averages out at the beginning of the cure and all values stay relatively constant
throughout the entire curing process. This is what is expected, but in several of the
beams, the data shows significant drops in P1, P2, or both. It does not seem likely that it
represents actual drops in pressure in the beam at that position, but more likely is a

localized drop inside the tube where the sensor is located, due to the curing effect.
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Beam 2 Post-Injection Pressure

14
’ \
10 = R —
& s
0] ——Pin
|-
§ P1
L ® P2
Pout
4
2
0
0 5 10 15 20 25

Time (hours)

Figure 47 - Cure Pressure Ideal Example

An example of a beam that has one of these pressure drops is shown in Figure 48.
Except for P1, all the sensors look almost exactly like the previous plot. The P1 sensor
seems to drop dramatically at around 8 hours and this occurs in several of the graphs for
the P1 or P2 sensors, and sometimes both of them. However, this effect is never observed
for the Pin or Pout sensors. Based on this evidence it is safe to conclude that the observed
pressure drop occurs locally at the non-flush sensor, perhaps due to a sealing off of the
sensor from the specimen as the resin cures. More evidence for this being the case is that
if a pressure drop occurs, it always happens at around the same time period. Therefore, it
must have something to do with the resin curing. Further research could be done into

verifying this but it was deemed not necessary since it is not within the scope of this
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thesis. For the most part, Pin and Pout show that the pressure levels off and stays fairly

constant throughout the curing process.

Beam 7 Post-Injection Pressure
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Figure 48 - Cure Pressure Drop Example

The observations that were just explained occurred for the majority of the beams,
however there were some odd, and inconsistent, results as well. Beam 3, as explained
earlier, had its infusion cut a little short due to overheated resin. This produced infusion
and cure plots that are a little different compared to the others. However, the beam itself
appeared unaffected as a whole since it had been mostly saturated already.

Another odd observation is the plot of Beam 13’s cure pressure, shown in Figure
49. The pressure starts out similar to all the others, but around the same time that pressure
drops are observed, all four sensors go in different directions. P1 and P2 seem to start to

diverge from each other and randomly have a discrete jump back towards each other
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before each leveling off. Pin has a significant increase in pressure with odd jumps
throughout and Pout stays constant for the whole curing time. This plot is so drastically
different from all other 15 plots that it can be attributed as a random event, most likely
associated with an odd sensor effect, or simply a slightly different placement of the
sensors that caused themselves to interact with the specimen differently than before.
Regardless, this effect was not observed again. A complete set of all the post-injection

pressure plots are displayed in Appendix B.
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Figure 49 - Beam 13 Odd Cure Pressure Example

Porosity Results

Now that the results of the sensors for the input parameters have been shown,

which verifies the parameters themselves, the output parameter results are shown next.
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The first output parameter is the porosity. As described earlier in the thesis, the porosity
values were attained by using the SEM and post-processing of the images using ImagelJ.
Nine samples were taken from each beam and then averaged to give an overall average

porosity for each beam. The average values for each beam are shown in Table 3.

Beam # |Porosity % | Standard Deviation
1 2.26 0.70
2 2.42 0.87
3 0.03 0.03
4 1.73 0.69
5 0.02 0.01
6 2.87 1.80
7 1.91 0.60
8 2.42 1.00
9 0.07 0.07
10 1.76 0.43
11 0.08 0.10
12 0.02 0.02
13 0.05 0.02
14 1.96 0.65
15 0.06 0.05
16 0.81 2.16

Table 3 - Averaged Porosity Results per Beam

With initial inspection of these results, one can see that there are seven very low
porosity values, near 0, and the remaining values are all relatively high with a large
amount of variability. The lowest values all correspond with a full vacuum while the
other values all correspond with a half vacuum. Simply based on observation and
experience, it can be said that vacuum pressure has a significant effect on the resulting

porosity in a beam. However, there is no clear trend where the other four parameters fall.
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To show the variability within the beams, the standard deviation for all 9 samples was
also calculated for each beam.

By looking at the standard deviation, it can be seen that the higher porosity beams
also have a larger amount of variability, generally. The low porosity beams don’t show a
lot of variability with the exception of beam 16, which has the most variability out of all
of them. This beam had a section of large porosity pores in the matrix, as was described
earlier. Both beams 16 and 6 had sections like this which suggests there are random
pockets of large porosity within these beams. These results show one of the inherent
hurdles with manufacturing composite structures with this method. Even though the
average porosity value may be relatively low, there can be areas within a specimen that
have locally high levels of porosity, even in “good” specimens.

In order to illustrate the effect each parameter has on the porosity percentage,
main effect plots can be generated by using Minitab’s “analyze factorial design”
command. First, it will be explained how these main effect plots are created in the
program by using the most obvious input parameter that seems to create the largest

difference, injection vacuum pressure.
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Vacuum Pressure vs. Porosity
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Figure 50 - IVP vs Porosity %

Shown in Figure 50, is a plot of the injection vacuum pressure against the
resulting porosity %. The low pressure values are all clumped together in the bottom left
while the high pressure values are clumped together in the top right. The process for
attaining the main effect is very simple. The resulting porosity values are averaged for
each of the two levels of vacuum pressure, which have normalized values of -1 and 1 for
low and high pressure, respectively. In this case, the average for the -1 level is 0.14 and
the average of the 1 level is 2.17. A line is drawn between the two points and the slope is
calculated. Here, the slope of the line is 1.01 and this is essentially the normalized main
effect value of the vacuum pressure on the porosity %. The same process is repeated for
all four other input parameters to get each main effect. Minitab’s output of these main

effects is shown in Figure 51. To reiterate the factors of the experiment, LFM = Layers of
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Flow Media, FA = Fabric Architecture, IFR = Injection Flow Rate, IT = Injection

Temperature, and IVP = Injection Vacuum Pressure.

Main Effects Plot for Porosity %
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Figure 51 - Main Effects Plot for Porosity %

As expected, through observation of the results, the porosity % is more greatly
affected by the vacuum pressure than any other parameter. The general trends, just based
off the main effects plots, are increasing flow media decreases porosity, increasing flow
rate increases porosity, and increasing resin temperature decreases porosity. Then there is

the fabric architecture which has virtually no main effect and has a slope of almost zero.
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Interaction Plot for Porosity %
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Figure 52 - Interactions Plot for Porosity

In addition to the main effects, there are also interaction effects that are generated
and plotted in the same way. The two-way interactions of the various parameters to
porosity are all shown in Figure 52. When the two lines are parallel to each other that
suggests that there is no interaction between the two parameters. However, when the two
lines cross, or are at different slopes, that suggests that there may be a significant
interaction.

The main effects plots can give a good overview of the experiment and they are a
great method for comparing each input parameter to another. However, simply showing
the main effect plot is not enough to show that a specific parameter, or interaction of
parameters, has a significant effect on the porosity. In order to do this, an Analysis of
Variance (ANOVA) study must be conducted. This separates the parameters, compares

them to each other, and finds a normalized threshold value of significance. It then
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calculates a standardized effect value for each parameter which can then be compared
with each other. The pareto chart that compares the parameter values, with a threshold of
significance, is shown in Figure 53. The threshold value is determined by the p-value of
each parameter or interaction and is normalized based on that. Essentially, the parameters
or interactions to the left of the threshold have a p-value greater than .05 and those to the

right of it have a p-value less than .05 and are significant.

Pareto Chart of the Standardized Effects
(response is Porosity %, Alpha = 0.05)
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Figure 53 - Pareto Chart of Effects for Porosity

The threshold value is 2.45 and several of the input parameters and interactions
cross this threshold. The vacuum pressure clearly has the most significant effect and
should be regarded as the most important parameter for reducing porosity, however, there
are other significant effects as well. The interaction of LFM-IFR is the next most

significant effect, followed by the LFM-FA-IVP interaction, and then the LFM parameter
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by itself. The next few effects are right on the threshold line and the IT and FA
parameters are below it with FA essentially showing zero effect by itself.

The significance of the LFM-FA-IVP interaction is initially a little surprising
especially considering that the FA parameter has virtually no effect on its own. It is
possible that the dominating nature of the IVP effect could have brought this effect up to
show some artificial significance. Regardless, the effect is still present and cannot be
ignored and it needs to be studied thoroughly. First, let’s look at the next most significant
effect, the LFM-IFR interaction. Since it is a two-way interaction it can be plotted and the

significance of it can be better understood. A plot of the interaction is shown in Figure

54.

Interaction Plot for Porosity %
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Figure 54 - Interaction Plot for LFM-IFR

As was discussed previously, when the manufacturing method was originally

being developed for the c-channel beams there were a few changes that were made to



77
increase saturation and the ease of manufacturing. One of those changes was including a
second layer of flow media on the bottom and allowing the resin to flow faster since it
only had half the thickness to saturate on either side. This interaction, and its
significance, shows that this was a good idea. The interaction plot shows that the greatest
reduction in porosity occurs when there are 2 layers of flow media and a fast flow rate.
The second most optimal situation is with 1 layer of flow media and a slower flow rate,
similar to how flat plates are generally manufactured. The interaction also shows that
great care must be taken when using 1 layer of flow media because allowing it to flow at
a fast rate can significantly increase porosity. Based on this, it appears that the safest
route is to use 2 layers of flow media with a fast rate. If the rate ends up being slower
than intended the consequence is not very sever when compared with the alternative.

Next, the LFM-FA-IVP interaction will be discussed. A three way interaction is
much more difficult to describe or visualize. The fact that this interaction is significant
could mean several things. In essence, it signifies that one, or more, of the three different
two-way interactions may have a significant change as the third variable changes.
Therefore, there can be one, two, or three different effects in a single three-way
interaction.

The best way to display this interaction is to plot every two-way interaction as it
changes with respect to the third variable. This is done by “unstacking” the data for the
parameters and output variable with respect to the third variable that is constant. This is
done using Minitab and the resulting plots are shown in Figure 55. The top two plots

show the FA-IVP interaction for a LFM of 1 and 2. The middle plots show the LFM-IVP
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interaction for a FA of Uni and Triax. The bottom plots show the LFM-FA interaction for
an IVP of 0.5 and 6.0. As can be seen, the interactions in all three cases seem to change
significantly depending on the high or low value of the third respective variable.

For the top plots, there is a large interaction between FA and IVP when LFM=1
however there is hardly any interaction when LFM=2. Interestingly, when LFM=1 the
interaction shows that the better fabric architecture for reducing porosity is the
unidirectional layup when the specimen is being injected at a full vacuum. However,
when a specimen is being injected at a half vacuum, the triax layup will reduce the
porosity the greatest.

For the middle plots, the interaction between LFM and IVP seems to reverse
somewhat as the FA changes from a uni to triax layup. When there is a unidirectional
layup, full vacuum will give the same result for 1 and 2 layers of flow media. However,
at half vacuum, 2 layers of flow media will reduce the amount of resulting porosity.
When there is a triax layup, there is now no change in resulting porosity at the half
vacuum level compared with LFM. However, when injected at full vacuum, 2 layers of
flow media will reduce the amount of resulting porosity.

The bottom plots show the interaction between LFM and FA as it changes with
respect to the IVP. These plots essentially show the exact same effect that is seen in the
middle plots. Only by looking at all six of these plots together are you able to start to
understand the significance of the three-way interaction.

Ultimately the three-way interaction between LFM, FA, and [VP means the

following. When a specimen is injected at a full vacuum, the lowest resulting porosity



79
occurs with a uni layup and 1 or 2 layers of flow media. However, for a triax layup, the
best resulting porosity occurs with 2 layers of flow media, while having 1 is detrimental.
Conversely, when a specimen is injected a half vacuum, the lowest resulting porosity for
triax is the same for 1 or 2 layers of flow media while the lowest porosity occurs with a
uni layup and 2 layers of flow media. If there is a uni layup with 1 layer of flow media,

this gives the worst possible porosity seen in these interaction plots.
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Figure 55 - Three-Way Interaction Effects for LFM-FA-IVP
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By analyzing interactions in this way, a deeper understanding of the
manufacturing process is attained. It is interesting that the fabric architecture, on its own,
does not have an effect on the resulting porosity but when it is combined with the layers
of flow media and injection vacuum pressure there is a significant change in the result.

Now that the methodology for analyzing a three-way interaction has been
explained, let’s look at the other significant three-way interaction. This is the interaction
between LFM, FA, and IFR. No information can be gained by looking at the individual
interaction plots, so similar to the previous interaction, the data for these three variables is

unstacked, along with the porosity percentage, to generate six new interaction plots.
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Figure 56 - Three-Way Interaction Effects for LFM-FA-IFR
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The resulting plots that are generated for the LFM-FA-IFR interaction are shown
in Figure 56. As can be seen, there are some significant differences in the interaction
plots as the third variable is changed in each of them. However, they all seem to show the
same resulting effect. You can also see the LFM-IFR interaction in these plots, however
it appears to change fairly significantly as the FA variable is included so these plots also
give deeper meaning to the LFM-IFR interaction.

Essentially, these plots signify the following effects. When there is a uni layup, 2
layers of flow media reduces porosity and it doesn’t matter if there is fast or slow flow.
However, if there is 1 layer of flow media slow flow will give less porosity than fast
flow. Then, when there is a triax layup, fast flow and 2 layers of flow media is fairly
equivalent to slow flow and 1 layer of flow media. However, the increase of porosity is
much more severe when you have 1 layer of flow media and go too fast as opposed to 2
layers of flow media and going too slow, which is the same conclusion gathered from the
LFM-IFR interaction.

The final significant interaction that was found is the FA-IVP interaction, which
is shown in Figure 57. As was also discovered in the LFM-FA-IVP three-way interaction,
we see here that at full vacuum, a uni layup gives lower porosity while at a half vacuum a

triax layup gives lower porosity.
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Figure 57 - Interaction Plot for FA-IVP

The fact that there are interactions present can be explained, in part, by Darcy’s
law, which is shown in Equation 2. In this equation, q is the Darcy flux. This is basically
representative of the flow rate through the laminate. Then k is the permeability of the
medium the fluid is flowing through, p is the viscosity, and AP is the pressure

differential.

q=—VP
H
Equation 2 — Darcy’s Law
Based off this equations, it can easily be seen why the interactions discussed are
present and significant. The addition of a second layer of flow media, and changing the

fabric architecture, both change the permeability. The heating up of the resin changes the

viscosity, and changing the injection pressure changes the total pressure differential. All
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four of those parameters are what determine the flow rate, which is then either constricted
or allowed to flow freely.

Darcy’s law describes why these specific parameters have interactions but it does
not describe, in any way, how the parameters effect the end quality of an infused
specimen. That is the reason the %2 factorial experiment was conducted and why the
results of it are so significant. Simply by observing this equations, one can see that these
parameters interact with each other. However, it is not until the experiment is conducted
that one can see which specific parameters interact with each other in a significant
manner that changes the ultimate resulting quality of the end product. It is also of great
importance to display this equation here. Darcy’s law shows, mathematically, that there is
a reason that these parameters interact with each other for this manufacturing process.

Also, it was observed before that beams 16 and 6 both had large pockets of matrix
porosity. With the information obtained from the ANOVA analysis it is safe to
hypothesis that the matrix porosity occurred because both beams were injected with 1
layer of flow media and at a fast rate, which is one of the worst case scenarios for

porosity.

Porosity Regression Model

Now that the main effect slopes have been calculated and the ANOV A has been
completed to show which parameters and effects are significant, a regression model can
be developed. As was shown with the several interaction plots, the parameters interrelate

with each other and change the resulting porosity depending on the values of the other
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parameters. This is why it is necessary to develop a regression model, to mathematically
make sense of the parameters and how they relate with each other.

The regression model is developed by taking the average porosity value from all
beams and adding, or subtracting, the slopes of each main effect or interaction effect
multiplied by the nominal parameter value. This only works assuming the parameter
values are normalized and between -1 and 1. The regression model that was just
described is quantitatively shown in Equation 3. It only includes the effects shown in the

pareto chart.

Porosity % =1.15 - 12*LFM + 09*IFR - O7*IT + 1. 01*IVP - 0_18*LEFM*IFR
- 0.09*FA*IVP - 0. 09*LEM*FA*IFR + 13*LEM*FA*IVP
Equation 3 - Regression Equation for Porosity %

To illustrate how this works let’s say a theoretical beam is manufactured with the
following parameters: LFM — 2(1), FA — Triax(1), IFR — Fast(1), IT — 35°C(0.13), IVP —
2psi(-0.455). The values in parenthesis represent the actual numbers that are plugged into
the model. By plugging these values in, there is a result of 0.36 % porosity. This means
that if a beam were made using these parameters the actual porosity value should be
around what is calculated.

Let’s say the example above is changed to have only one layer of flow media,
instead of two. That changes the parameter value to a “-1”” and the resulting porosity
value changes drastically to 1.26%. Looking back to the interaction plot of LFM-IFR this
gives the worst case scenario for that interaction and the significance of it in the resulting

calculation is obvious.
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In addition, to show that the regression model works for the beams that were
already manufactured, the results are shown in Table 4. As can be seen, the actual results
are very close to the predicted results. The only reason that they do not match exactly is
because the regression model is truncated to only include the significant terms in the

pareto chart.

POROSITY REGRESSION
Beam LFM FA IFR IT VP Actual |Predicted
1 -1 -1 -1 1 1 2.26 2.25
2 -1 1 1 1 1 2.42 2.36
3 -1 1 -1 1 -1 0.03 0.05
a -1 1 -1 -1 1 1.73 1.79
] -1 -1 -1 -1 -1 0.02 -0.05
] -1 -1 1 -1 1 2.87 2.76
7 1 -1 1 -1 1 1.91 2.07
) 1 1 -1 -1 1 242 2.34
9 1 1 -1 1 -1 0.07 0.09
10 1 1 1 1 1 1.76 1.82
11 -1 -1 1 1 -1 0.08 0.15
12 1 1 1 -1 -1 0.02 -0.13
13 1 -1 -1 -1 -1 0.05 0.14
14 1 -1 -1 1 1 1.96 1.93
15 1 -1 1 1 -1 0.06 -0.02
16 -1 1 1 -1 -1 0.81 0.91

Table 4 - Regression Results for Porosity

Having the ability to predict porosity in the manufacturing of a c-channel beam is
a big advantage when it comes to manufacturing the beams for testing purposes. For
example, if it is desirable to manufacture a beam with 1% porosity to see the effects that
porosity has during a certain test of the beam, this could be done very easily using the

model. One would simply need to iterate with the parameter values until they achieved
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the resulting porosity that they desire, then manufacture the beam according to those
parameters.

Given this advantage, it should be emphasized that this model only works for the
given shape, manufacturing method, and materials used in this experiment. If any of
those variables change, then the model will not be able to accurately predict anything
unless the entire experiment were run again and a new model generated taking into

account any changes.

Fiber Volume Results

The fiber volume values were gathered in a similar fashion to the porosity values.
Nine samples were taken from each beam with three samples each for the left flange,
middle channel, and right flange. To get the overall value of fiber volume for the beam,
an average was taken of all nine samples. The averages, along with their standard
deviations, are shown in Table 5. No clear trends can be observed by looking at this table,
which is why analysis is done by calculating the main effects, interactions, and
performing the ANOVA analysis similar to what was done with the porosity results.

Overall, the variability seems to be relatively low, however, there is an exception
with beam 3. The left flange and middle channel averages are fairly close to each other at
about 51% but the right flange value has a huge increase of almost 64%. This is by far the
highest FV value and there is no clear reason for why it is so much higher than the rest of
its beam or the other beams. It could be attributed to error or just randomness. If this were

a smaller experiment, a large gradient as such could skew the results. However, given the
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sample size and the fact that the results are averaged, this should not bias any of the

results significantly.

Beam # FV % | Standard Deviation
1 52.6 0.25
2 49.0 0.36
3 55.6 7.18
4 47.1 0.26
5 54.5 0.38
6 534 0.64
7 48.6 0.22
8 48.7 0.17
S 49.7 0.50
10 47.6 0.43
11 535 0.10
12 47.9 0.30
13 51.9 1.50
14 51.8 0.20
15 50.8 0.45
16 46.3 1.30

Table 5 - Averaged Fiber Volume Results per Beam

The next step is to generate the main effects and interactions. These are generated
in the exact same manner as they were for the porosity results. The slope of the effect is
calculated and shown by averaging the FV at the high and low levels for each parameter.
The main effects for the fiber volume results are shown in Figure 58.

Overall, it appears that every factor has a reasonable effect on the fiber volume.
The FA parameter seems to have the greatest effect, which makes sense since it’s the

only one changing the amount of fiberglass in the beams. The other parameters all seem
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to have around the same level of effect. Increasing flow media from one to two layers
decreases the FV. A unidirectional architecture seems to have a much higher FV than a
triax architecture. IFR seems to decrease FV as the flow is increased while IT seems to
increase FV as temperature is increased. Finally, the IVP seems to decrease FV as

injection pressure moves from full vacuum to a half vacuum.
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Figure 58 - Main Effects for FV Results

The interactions plot is shown in Figure 59. Compared with the interactions plot
for porosity, there appears to be a lot more going on. This is most likely because there is
not a single parameter that dominates, such as IVP for porosity. Even so, there do not
appear to be any obvious interactions. The next step is to run the ANOVA and see which

significant effects are found.
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Figure 59 - Interactions Plot for FV Results

The pareto chart, which shows the standardized effects of the parameters and
interactions, is shown in Figure 60. The FA parameter is the most significant followed by
LFM, IFR, and the LEFM-FA-IT interaction. All other parameters and interactions are
insignificant but IT, IVP, and the FA-IT interaction are all very close to the threshold.
These results are interesting, though not entirely unexpected. The main significance of
this chart is that LFM, FA, and IFR have the greatest effects on the FV. The IT does as
well since it is included in the interaction, even if it doesn’t have a significant effect on its
own. Optimizing these values is critical to being able to get a desired fiber volume

percentage.
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Pareto Chart of the Standardized Effects
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2.3006
T
B {
A
C4
E
ABD -
k)]
D4
BD |
E {
T T T T T
0 1 2 3 4 3
Standardized Effect

Figure 60 - Pareto Chart of Effects for FV

Now, in order to fully understand the effects that these parameters have on the
resulting fiber volume, the three-way interaction of LFM-FA-IT must be analyzed. This
is done the exact same way the previous three-way interactions were analyzed for the
porosity results. The resulting interaction plots for these three variables are shown in
Figure 61.

Essentially, these plots show a few different important effects. By far the worst
resulting FV occurs in a triax layup with 1 layer of flow media and low temperature.
However, if the temperature is high in that same situation the FV jumps up to a relatively
good value. Then, when there are 2 layers of flow media the FV is relatively low and

does not depend on temperature.



91

Interaction Plot for FV % LFM=1 Interaction Plot for FV % LFM=2
Dcta Means Deta Means
54 a1 1.3 P
— _ *  Uri " —*— in
534 T B T 510 P - T
L
= A 7
32 - 50.5 —
-
-
51 R
- e 0.0
50
g g 405
43
4Y.L
48
- . — |
] . 48.5 e
47 o -
46 , 48.0 , ,
2z 25 2z 43
1 mz
Interaction Plot for FV % FA=UnI Interaction Plot for F¥ % FA=Trlax
Dcta Means Deta Means
51 LFM_Un 33 LEM_Triz
b — +* 1 » —— 1
e —n 2 52 o — H
T e
53| T 51 4
-
e
= £ 504 S
i ! /
40
dddddd Y
a L g -
— 44
51 ~ 4
T o
47 -
e v
L
50 . , 46 | |
22 45 22 43
IT_Uni IT_Triax
Interacticn Plot for FV % IT=22 Interaction Plot for FV % IT=45
Dcta Means Deta Means
51 LF_22 e | LFM_a5
.\\ - 1 2 — —_— - 1
534 \\ —m— : — — —m—
\ 52
52 -
~,
51 o m
= - \\ e 19 R
g 50 . - g -
49 - -\q\:)_* 50+ .
R ~m S
87 \\ .
47 ‘\'\ 1 ™
4 L]
»
464 ' I 484 1 |
uri Triax uri Triax
TA_22 TA_45

Figure 61 - Three-Way Interaction Effects for LFM-FA-IT

The best resulting FV occurs in the uni layup with 1 layer of flow media and low
temperature, which is interesting because, as was just stated, that scenario is the worst for
a triax layup. Also for a uni layup, the temperature does not seem to have much of an
effect though as it increases, the temperature results in a slightly lower FV for 1 layer of

flow media and slightly higher FV for 2 layers of flow media. Also, it is interesting that 2



92
layers of flow media seems to lower FV, though the average for that parameter is still

relatively high, being above 50%.

Fiber Volume Regression Model

Just as was done with the porosity results, a regression model can be generated by
taking the slopes of the significant parameters and interactions and incorporating them
into an equation. This was done for all the values that showed up in the pareto chart to
give the most accurate regression equation, since they were all very close to the
threshold. The full form of the regression equation is shown by Equation 4 and was

generated using Minitab, just like the porosity regression equation.

FV % =5056 - 94*LFM - 1 58*FA - 92*[FR + 75%[T - .72*IVP
+ 0. T4*FA*IT - 0. 90*LFM*FA*IT
Equation 4 - Regression Equation for FV %

Using the same parameter values as before, from the porosity regression to make
a theoretical beam, a value of 47.53% fiber volume is calculated. Again, this is significant
because a manufacturer can use this result to make a new beam with a desired fiber
volume value, in addition to the porosity value. Both of these parameters effect the
strength and fatigue life of composite fiberglass materials so being able to know what
value you will get beforehand is huge when it comes to designing a test or structure.

Also the full regression results are shown in Table 6 for all the beams that were

manufactured. Similar to the porosity regression results, the predicted values match pretty

close to the actual values, as expected.
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FIBER VOLUME REGRESSION
Beam LFM FA IFR IT VP Actual |Predicted
1 -1 -1 -1 1 1 52.6 524
2 -1 1 1 1 1 43.0 50.7
3 -1 1 -1 1 -1 533.6 53.9
a4 -1 1 -1 -1 1 471 ar.7
] -1 -1 -1 -1 -1 54.5 35.6
3] -1 -1 1 -1 1 534 52.3
7 1 -1 1 -1 1 48.6 48.6
a8 1 1 -1 -1 1 45.7 ar.7
9 1 1 -1 1 -1 49.7 50.3
10 1 1 1 1 1 47.6 a7.0
11 -1 -1 1 1 -1 33.5 52.0
12 1 1 1 -1 -1 47.9 47.3
13 1 -1 -1 -1 -1 519 51.9
14 1 -1 -1 1 1 3l.8 52.3
15 1 -1 1 1 -1 50.8 515
16 -1 1 1 -1 -1 46.3 a7.3

Table 6 - Regression Results for Fiber Volume

Another interesting observation can be made when plotting the porosity results
against the FV results. This is shown in Figure 62. There are two clear groupings of
points, the full and half vacuum pressure points. What’s interesting, is for the half
vacuum pressure points, there seems to be a positive correlation between the two results,
such that as porosity increases, so does the FV. Having more voids in the material will
result in a slightly less mass before a burn off, which could increase the calculated FV %,
however the difference in porosity to FV presented in this graph seems too significant for

that to be the cause.
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Porosity % vs. FV %
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Figure 62 - Plot of Porosity vs FV

Taguchi Comparison

As was previously discussed, a taguchi experiment was conducted in addition to
the factorial experiment, for the purpose of comparing the results of the two designs. This
added little effort to the experiment since the taguchi design was satisfied by taking eight
beams from the factorial design.

Overall, the results of the taguchi experiment seem to support the results of the
factorial experiment but there are some significant differences. One of these differences
is seen in the normal probability plots. They are both shown, side by side, in Figure 63.
The factorial plot shows a mostly straight line, which suggests a normal distribution.
However, the taguchi plot does not give the same result, which suggests a non-normal

distribution.
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The normality assumption is incorporated with the use of an ANOVA analysis so
it is very important to check if the data is normal. Due to the robust nature of an
ANOVA, it is fairly insensitive to deviations from normality. However, if a data set is not
normal it will certainly change the results of the study some and they will be less reliable
than a data set that is normal. Based on the difference seen in the normal probability plots
it is safe to assume that the differences seen in the results most likely occur to the

differences in the level of normality in the dataset distributions.
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Figure 63 - Normal Distribution Comparison
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Next, let’s look at the main effects for porosity from the taguchi experiment.
These are shown in Figure 64. For the most part, the general trends are the same,
especially for LFR, IFR, IT, and IVP. However, there does seem to be a significant
difference when it comes to the fabric architecture. The taguchi design has it as the
second most significant factor behind IVP. From the factorial design we know this isn’t
true because the resulting effect of FA was essentially zero, though it was included in the
significant interactions. This is most likely an error that is introduced because the data is

not a genuine normal distribution.

Main Effects Plot for Means
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Figure 64 - Porosity Main Effects for Taguchi Design
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Interaction Plot for Porosity %
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Figure 65 - Porosity Interaction Effects for Taguchi Design

Next, let’s look at the interaction results presented by the taguchi design. These
are shown in Figure 65. Again, overall the interactions display the same trends but there
are some differences. The main difference is seen in the interaction between LFM and IT
where there is a huge “X”. This is a huge interaction that is not representative of reality.
Based on this comparison, with the actual interactions in the factorial design, one cannot
rely on a taguchi design for accurate interaction effects.

The taguchi design was also run for the fiber volume results to compare those as
well. Shown in Figure 66 are the main effects for the fiber volume from the taguchi
results. When these results are compared to the factorial results, every factor has the same
trend, but still all the slopes are different and generally less. This means the taguchi
results show the same trend but do not capture the level of each effect. Therefore, if you

were to generate a regression model based off just the results of this taguchi design it
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would give significantly different results than the regression model generated from the
factorial design that includes interaction terms.
Also, let’s look at the taguchi results of the interaction effects for fiber volume.
These effects are presented in Figure 67. Again, the interaction effects differ greatly
compared to the factorial design. Several of them cross, where they do not in the other, or

they have significantly different slopes.

Main Effects Plot for Means

Data Means
LFR Fa IFR.
52 4
“ \ \
7]
£ 454 \
m
g 48 T T T T T T
= 1 2 Lini Trizx Slow Fast
c
E - T VP
51 4
%0 r{_,_«-f"'—fa h‘“—“-—-_ﬂ
43 4
48 T T T T
2z 45 0.5 &0

Figure 66 - FV Main Effects for Taguchi Design
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Interaction Plot for FV%
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Figure 67 - FV Interaction Effects for Taguchi Design

Lastly, regression models were also developed for the taguchi main effects in
order to compare the results of the models with that of the factorial models. The previous
example is used with LFM =1, FA =1, IFR = 1, IT = 0.13, and IVP =-0.455. As stated
before the porosity and fiber volume results for the factorial design are 0.36% porosity
and 47.53 FV %. Using the taguchi model, those results change to 0.89 % porosity and
46.7 FV %.

There is a clear difference between the two types of models, though the taguchi
regression model seems to be a little more accurate with respect to the fiber volume. This
is most likely because the factorial design did not find as many significant interactions for
the fiber volume, compared to the porosity.

In summary, the comparison of the taguchi design to the %2 factorial design yields

some important results. First, the taguchi design does not have as many data points which
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results in a non-normal distribution of the data. Knowing this means the results are not
entirely accurate, especially the significance of the results. Second, the main effects do
show similar trends to the factorial results but the resulting slopes are all slightly
different. Third, the interaction effects are drastically different and the taguchi design
seems to show interactions where the factorial design shows there are none. There is also
a significant difference in the regression model results.

Based on this, it is safe to conclude that a small sample taguchi design should
only be used when general trends of the main effects are desired and the interactions can
be ignored. Additionally, a regression model should not be generated from the main
effects of a taguchi experiment unless it is known that there are no significant

interactions, otherwise it will include a good amount of error.

Compression Results

As was previously discussed, there were several compression samples that were
tested from each beam. Then averages of all those samples were taken to give an average
maximum compressive stress per beam. The results of this are shown in Table 7. The
range in maximum stress for all the beams is fairly significant and, as can be seen, the
stress ranges from around S00MPa to 600MPa. There is nothing too surprising in the
results and the standard deviations are also shown. It seems fairly consistent between the
beams, which supports that this is a good dataset. There were also several grip failures
that may skew the results some but they occurred in every beam so their averages are
factored in so the beams can still be compared with each other. The next step was to plot

the resulting average stresses with the output parameters, fiber volume and porosity.
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Beam # Avg. Stress (Mpa) | Standard Deviation
1 593.7 54.58
2 496.4 34.%6
3 577.3 41.86
4 566.9 32.48
5 600.4 46.32
6 527.5 20.97
7 522.3 48.98
8 549.5 32.50
9 520.0 27.54
10 525.8 31.27
11 616.1 45.51
12 552.6 28.63
13 574.5 25.22
14 545.3 30.96
15 571.2 51.72
16 517.6 25.79

Table 7 - Average Maximum Compressive Stress for all Beams

The resulting plot of the compressive stress plotted against the porosity
percentage is shown in Figure 68, while the plot of the compressive stress against fiber
volume is shown in Figure 69. What’s interesting is that there appears to be no
correlation between maximum stress and porosity. The scatter in that plot appears to be
completely random. This is most likely because the porosity percentages are relatively
low and it is hard to signify a difference.

However, there does appear to be a correlation of the stress with the fiber volume
percentage. The correlation is such that as the fiber volume percentage increases, the
maximum compressive stress a sample can hold increases. This is an important

comparison because it shows that the maximum compressive stress is more sensitive to
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fiber volume than porosity percentage. This suggests that maximizing fiber volume

should be the main goal over minimizing porosity percentage, in this range.
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Figure 68 - Compressive Stress vs. Porosity Percentage
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Fiber Volume vs. Compressive Strength
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Figure 69 - Compressive Stress vs. Fiber Volume Percentage

Tension Results

The tension data that was gathered presented similar results to that of the
compression data. As mentioned before, tension samples were only cut out of 8 of the
beams that were manufactured. Of those 8 beams, six samples were cut from the middle
channel and three of the best samples were used for tabbing and testing. This resulted in a
total of 24 tensions tests. For each test the stress, strain, and ultimate strength data was
gathered and the values are averaged for each beam. The overall average ultimate stress

values are presented in Table 8.
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Beam #| Avg. Stress (Mpa) | Standard Deviation
2 742.3 32.36
3 790.4 36.72
5 907.2 47.77
6 949.6 37.50
8 724.7 7.28
9 732.4 44.34
14 864.3 6.86
15 880.0 34.80

Table 8 - Average Maximum Tensile Stress

As can be seen, there is a fairly large variability for the ultimate stress at which
the samples for each beam failed at. However, the variability within the samples
themselves seems to be relatively low by looking at the standard deviation. The standard
deviation is at about the same value as it is for the compression results, which is what is
desired. The maximum stress range is around 200 MPa and the majority of the values fall
in the 700-900 MPa range. There must be a cause for this difference and in order to
determine the cause, the maximum stress is plotted against porosity and fiber volume in
Figures 70 and 71, respectively.

Looking at the plots it appears that there is no correlation with respect to porosity,
however there is a reasonably good correlation with respect to the fiber volume. This is
consistent with the compression results and further expresses the importance that
maximizing fiber volume is the best way to increase the strength of a fiberglass

composite material.
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Porosity vs. Maximum Tensile Stress
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Figure 70 - Porosity vs. Maximum Tensile Stress

Fiber Volume vs. Maximum Tensile Strength
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Figure 71 - Fiber Volume vs. Maximum Tensile Stress
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In addition to the load, the strain values were gathered throughout the majority of
each test. This allows stress-strain plots to be generated. An example of one of the plots
that is generated is shown in Figure 72. The data is gathered until the strain reaches
around 1.5-2%, which is when the extensometer is removed. The example shown is
typical of all the plots that are generated. All of them are linear, the only difference is the
slope, which is young’s modulus. Also, the samples are named such that Tx-y signifies a
tension sample that is cut from region x, from beam y. The remaining stress-strain curves

for all samples are shown in Appendix E.
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Figure 72 - Stress-Strain Plot Example

Young’s modulus is also calculated and averaged for all 8 beams that were tested.

This was done by calculating the slope of the line between .1% and .3% strain, which is a
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reliable region. The modulus for each beam is shown in Table 9. As expected, the lower
modulus values correspond to the lower maximum stress values and the higher modulus
correspond to the higher maximum stress values. Young’s modulus for all beams seems

to range between 325 MPa and 450 MPa.

Beam # |E (MPa)
2 329
3 372
5 427
6 440
8 327
9 326
14 424
15 411

Table 9 - Modulus of Elasticity for Tested Beams

It is also important to note that the strain data became corrupt and was not
gathered for every single sample. Only a total of 20 samples had their strain data
collected, the remaining four did not. However, some data was gathered for each possible

beam and the ultimate strength data was gathered for all beams.
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CONCLUSIONS

Based on the results of this experiment, several conclusions can be drawn for the
specific manufacturing of c-channel beams as well as the manufacturing for full scale
turbine blades. This section focuses on describing these conclusions for each application
and how improvements can be made to the manufacturing of c-channel beams and

turbine blades in the future.

C-channel Manufacturing

The ultimate significance of the results for this study includes the regression
models for the porosity percentage and fiber volume fraction. As was stated before, MSU
is moving towards three-dimensional testing using the loading frame. The c-channel
beams that are created as a part of this experiment will serve as the main test article for
these future tests. Having the regression models allows the designer of a specific test to
manufacture a test article with predetermined levels of porosity, a certain fiber volume
content, or a combination of the two.

In addition, the design of the test article may very well change in the future or
multiple test article designs will be desired. If this is the case, then this thesis can also
serve as a guide to repeat the study and generate new regression models for new test
articles. This could be accomplished by using the following procedure for setting up a
new test design.

® Develop a manufacturing procedure for the new article design that provides a

consistent result
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Create a list of potential manufacturing parameters that may have an effect on the
porosity, fiber volume, or other output parameter chosen; while specifically
including manufacturing changes that were made
Have a logical discussion to choose several of these parameters based on previous
studies, engineering knowledge, and manufacturing experience; then give them
each a low and high value
Find an appropriate factorial design that gives at least a resolution 4 or 5
experiment but reduces the total number of samples needed to get your design
matrix
Integrate any necessary sensors into the manufacturing procedure while making
sure they do not disrupt the manufacturing process
Set up a data acquisition system (see Labview details) to monitor, and output, the
data from all the sensors
Manufacture all the samples according to the levels specified in the matrix and
take great care in keeping the manufacturing process exactly the same, except for
the individual parameters being changed
Once all samples have been manufactured, cut them into the specific output
parameter samples while taking them from all areas of the specimen to get a good
overall average
Analyze the output data to get averages for every specimen and verify that all the

manufacturing parameter levels were met by using the sensor data
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¢ Determine the main and interaction effects the same way that it is presented in
this thesis
e Using ANOVA, create a pareto chart of the effects with a threshold of
significance to determine which main and interaction effects are significant
e Using the slopes of the significant effects, create regression models for the output
parameters the same way that is shown in this thesis
It is also valuable information to know exactly how to reduce the porosity and
increase the fiber volume the most, which this study gives. By looking at the significant
parameters and interactions, one is able to determine the specific trends that can be
followed to reduce porosity based on a variety of parameters. The following list describes
the information that is gained by looking at the effects.
e Vacuum pressure is the dominating significant factor, achieving full vacuum
reduces the porosity significantly
e There is a LFM-FA-IFR interaction such that the LFM-IFR interaction changes
with respect to FA
o For a uni layup, 2LFM reduces porosity for both slow and fast rates
o For a triax layup, 2LFM at a fast rate is equivalent to ILFM at a slow rate
e There is a LFM-FA-IVP interaction such that the LEFM-IVP interaction changes
with respect to FA
o For a uni layup, LFM doesn’t matter for a full vacuum but at half vacuum

2LFM reduces porosity
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o For a triax layup, 2LFM reduces porosity at full vacuum but at half
vacuum LFM doesn’t matter
Of course, these trends are reflected in the regression model but it is valuable to
write them down in order to visualize what is actually happening in the manufacturing of
the c-channel beams. The follow list similarly describes the trends for the fiber volume
effects.
e FA is the most significant factor such that a uni layup gives a higher FV than a
triax layup
e LFM is a significant factor such that 1LFM generally gives a higher FV than
2LFM
e [FRis a significant factor such that a slower flow rate gives a higher FV than a
faster flow rate
e There is a LFM-FA-IT interaction such that the LFM-IT interaction changes with
respect to FA
o For a uni layup, increasing IT increases FV for 2LFM but increasing IT
decreases FV for 1ILFM
o For a triax layup, FV is not changed by IT for 2LFM but high IT gives
much higher FV for ILFM
Obviously, the fabric architecture has a significant effect on the interactions for
both porosity and fiber volume. In order to make the best quality specimen, it is desirable
to maximize fiber volume while minimizing porosity. Based on the information gathered,

to make the best quality specimen for a unidirectional layup beam the following
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parameters are recommended: 2 layers of flow media, high injection temperature, slow
injection rate, and a full vacuum. Similarly, to make the best quality specimen for a triax
layup, the following parameters are recommended: 1 layer of flow media, high injection
temperature, slow injection rate, and full vacuum. 1 layer of flow media is recommended
for the triax layup because it appears to give a significantly higher FV ratio, which
significantly increases strength. Though it should be noted that there is a more severe
consequence associated with using 1 layer of flow media if the other parameters are not

at their intended values due to manufacturing error.

Blade Manufacturing

The specific regression models and effects plots cannot be scaled to blade
manufacturing, or to any other composite manufacturing besides the specific set up in this
experiment. However, the trends and overall conclusions can possibly relate to blade
manufacturing and some suggestions can be made, which may improve existing blade
manufacturing methods.

The main recommendation is to consider using two layers of flow media. Though
the experiment does show that this may result in a slightly lower fiber volume, the trade-
offs associated with using two layers seems to be more beneficial. The main motivation
behind using two layers of flow media is that it seems to give a more consistent
specimen. One area where this is shown is in the interaction plots. The sensitivity error
associated with being slightly off on a separate parameter is much less when using two
layers of flow media. Additionally, a fast or slow flow rate can be used without changing

the outcome and it gives quicker saturation and less porosity in general. Another area that
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gives evidence that using two layers improves consistency is in the spread of porosity and
fiber volume data. There were a couple examples for porosity and fiber volume where the
values changed dramatically between individual samples. Specifically for porosity, the
large matrix porosity seems to causes the huge differences. These large discrepancies
only occurred in beams with one layer of flow media.

Besides resulting in a slightly lower fiber volume, there are a couple more
drawbacks to using two layers of flow media. It requires more materials and a third layer
of peel ply and there is a concern that it may not leave the ideal finish on the mold side of
a specimen. However, using the thicker peel ply that was used in this experiment resulted
in no effect on the surface finish due to the flow media being on the bottom. Also, the
additional costs of material should be fairly minimal when compared to the total cost of
manufacturing a full blade.

Another recommendation is to include pressure sensors. This experiment has
shown that it is possible to include a pressure sensor directly in the mold where material
is laid without effecting the quality of infusion at that spot. Additionally, including one or
more pressure sensors dramatically speeds up the process for detecting leaks. Even the
smallest leak is able to be noticed within a minute or two and once all leaks are sealed off
a manufacturer can be confident that there is no leak. Additional measures, such double
bagging, would no longer be required.

This research also sets the stage for improving the reliability and consistency in
the industry by having developed a simple, yet useful, instrumentation and manufacturing

procedure. The same experiment protocol used in this experiment can be used on industry
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blades by equipping the manufacturing process with sensors and data acquisition
software such as Labview. The same experiment procedure for a new test design, which
is described earlier in this section, could also be followed. If implemented, databases

could be generated and updated over time to improve the results and set SPC limits.

Future Work

In relation to the reliability of c-channel beam manufacturing, there is little
additional work that can be conducted besides repeating this study for verification
purposes. If resources are present for this, it is always a good idea to repeat a study. In
this study there are a couple of examples where individual results proved to be erroneous
and different than were expected though they were attributed to randomness, which is
present, and included in the results as a whole.

One area that could use additional resources is the study of the mold cure
pressure. If deemed important, flush pressure sensors could be purchased and placed in
the middle of the mold to determine the actual pressure readings during the cure cycle. It
does not seem likely, but if pressure drops were still present then that would be cause for
alarm in the manufacturing process and additional research would be needed to determine
what causes them.

For the specific work at MSU, a similar study to this should be conducted if an
additional, or new, three-dimensional test article is designed. Most likely, the
manufacturing method would need to be changed slightly which means additional

parameters may need to be considered as well. However, the results of this type of study
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on understanding the manufacturing method are critical is being able to manufacturing
the best quality specimen or custom specimens with varying levels of output parameters.
Ultimately, it would be ideal if this type of study were conducted on the

manufacturing of full size turbine blades, or at least miniature scale turbine blades that
required the exact same manufacturing process compared to full size turbine blades. One
could create a mold for a 5-10m blade and perform this study on specimens created from
that. It would be particularly interesting to see if similar results hold true, especially for

the layers of flow media factor.
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APPENDIX A

INJECTION PRESSURE PLOTS
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APPENDIX B

MOLD CURE PRESSURE PLOTS
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APPENDIX C

TEMPERATURE PLOTS
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Beam 9 Temperature Plot
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APPENDIX D

MASS FLOW RATE PLOTS
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APPENDIX E

STRESS-STRAIN PLOTS
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APPENDIX F

LABVIEW PROGRAMMING
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All sensor signals are run through Labview’s “DAQ Assistant” function which
can be seen in the upper left hand corner of F1. This function allows the sensor signals to
be separated and organized for the rest of the program. Based on the pinout diagram of
the DAQ, each port is given a description about what that signal is and what its output
range is expected to be.

In order for the sensors to give usable responses they needed to be calibrated
appropriately. The Omega flush sensors were relatively simple to calibrate because they
were calibrated by a technician before they were shipped. These values were incorporated
into the Labview program and the specific details are shown in F2. Given the extremely
small output range of these sensors it would not have been wise to attempt to calibrate
them without special equipment.

An offset is also built into the program and this is meant to serve as a zeroing
function. The user can input the atmospheric pressure value (in inHG) and then offset the
sensor so that it is reading that same value when it is exposed to the atmosphere. Once the
sensors are zeroed they are effective for the remainder of an experiment, assuming the

atmospheric pressure does not change drastically.
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F2 - Flush Sensors’ Programming

The non-flush pressure sensors needed to be calibrated differently, though this
proved to not be too difficult. They were simultaneously hooked directly into the vacuum
pump line which has its own pressure gage reading on it. To make sure that the pressure
gage was accurate, its value was checked against the flush pressure sensors, which were
already calibrated. The values that were returned matched and were sufficient to continue
with the calibration of the non-flush sensors.

The output voltages of the sensors were recorded at atmospheric and in Sinhg
drops until max vacuum was achieved. This generated the calibration curves and a line
was fit to each one. Both sensors are highly linear so no additional calibration steps were
needed. The calibration curves for both non-flush sensors are shown in F3.

Using the calibration curve equations, the sensors’ voltage signals are
manipulated to output pressure in psi units. Essentially “y” is the voltage value and “x” is

the corresponding reading in psi, so “x” is solved for. The intercept value is subtracted

from the voltage signal and then divided by the slope of the line. An offset value is also
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built into the program so that the signal can be offset to atmospheric pressure if it is off
by a small amount. The portion of the Labview program used for the non-flush sensors

can be seen in F4.

Sensor 1 Calibration v=0.2326x+0.4017
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F3 - Non-Flush Sensor Calibration Curves
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F4 - Non-Flush Sensor Programming

The next piece of equipment that needed to be incorporated into the Labview

program was an Arlyn balance scale, model number SAW-C. The purpose of the balance

1s to measure the mass of resin that is b

eing injected into the beam and to also measure

the change in that mass to output a mass flow rate. This is necessary because one of the

parameters of the experiment is a fast/s

low flow rate. This allows the flow rate to be

measured and quantified in order for the flow rates of each beam to be compared with

each other. The Labview programming

for this sensor is shown in F5.
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As shown, the balance is calibrated similarly to the pressure sensors by offsetting
the voltage signal and multiplying it by the slope. One problem with the balance is that it
is extremely noisy. For this reason, the balance signal is run through three averaging
functions which proved to give a much more stable, and accurate, reading.

The most difficult part of programming the scale is the portion to output a mass
flow rate reading. To do this, the balance signal value is stored at the previous time point.
Then the old signal value is subtracted from the current signal value to give a difference
in mass between the time points. That difference is then divided by the time difference,
which in this case is one second. This is essentially a real time derivative of the scale
signal, which has gram units. So the units of the mass flow rate are in grams per second.

The output of the derivative of the scale signal is then run through two additional
averaging functions. When a real time derivative of a signal is taken, the noise is
amplified, so it is necessary to do this. Even with the averaging functions, the signal was
still very noisy but it gives a general idea for what the flow rate is while a beam is being
infused. When the signal is plotted, the average of ten points is taken and plotted instead
to make the plot look more readable and give a better average for the flow rate.

The final sensor that was used in this experiment is an infrared thermometer that
was purchased from Omega. This temperature gun is pointed directly at the resin in the
bucket during the infusion process to verify and measure the temperature of the resin.
The programming for the temperature gun is very simple since it already has a digital

output that blends smoothly into Labview. The programming for this is shown in F6.
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E"E Thermometer

Temperature 1000

S Signals
Signal Out

F6 - Omega IR Thermometer Programming

Once all the sensors were correctly calibrated and programmed into Labview it
was necessary to output them all to an excel file in a simple way that makes sense. The
programming for this process is shown in F7. Basically, the signals from all the sensors
get condensed and output into a single excel file where each column represents a sensor
signal while the rows represent each time step when data was gathered while the program

was being run. This makes organizing the data afterwards very simple.

format (%6.3f)

file path (dialog if Empty)

[ELTTELE]

append to file? (new fi ei:F)

transpose? (nn;FJ

F7 - File Output Programming
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APPENDIX G

FIBER VOLUME DATA
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BEAM1

Position measrements in (mm) Mass (prams) Ui Total FV Fracticn
1  |widthd width-? thickness Volume imm®| Mass of samale before burn; 14735 ; .
- T Tiber volums fractiory  52.95%
de0d 4785 366 516811 Mass of samgple after buen: 11.0245
2 |width-1 width-? thickness Volume (mm”)| Mass of sammle before burn; 14.3374| . o
— — — o Tiber volums fractiory 53.15%
47,59 47.09 365 7R87.50 Mass of samgple after buen: 10,6935
3 lvidth1l width-?  thickness Volume imm®)| Wass of samole before burn: 14.5079|_ . I
p— . — - o — Fiber volume fractier: £1.39%
7.0 13 376 5337.67 Mass of samgple after buen: 10.965
4 [width-l width-2 uickness Volume jmm’)| Wass of samole before buen: 14527 ) o
- - . Fiber volums fracticr:  52.19%
4857 4771 365 510977 Mass of samgple after buen: 10,7937
= ri ri . 1 T I uf_. = Free i T
S ::m_f._ W _&:Lu. Eﬁm Volume _.wﬁa )| Mass of maj_m. betere burn: ﬁ.an Sber volume faction:  51.41% 52.56%
475 48ed 364 5379.75 Mass of samgple after buen: 11.1982
6 [|widthl width-2 thickness Volume (mm’)| Mass of samole before bum: 14.8774) . o
- — . Fiber voluma fractior:  52.32%
4840 4845 3.8 529547 Mass of samgple after buen: 110667
7 |width1 width? thickness Velume imm®)| Mass of samole before buen: 13.9343|_ . .
— - o —{Tibet volume fractior:  52.57%
H“415 £ 370 74 Mass of sample after burn: 10.3773
8 [|widthl width-2 thickness Volume (mm’)| Mass of samole before bum: 12.9902) _ ) o
— o Tiber volums fractiory 52.35%
4502 43.83 3.6 7 Mass of samgple after buen: 9.6749
9 |width1 width? thickness Volume imm’)| Mass of samole befere buen: 13.8514/_ . I
_— m . o —— Tiber volume fractier:  53.20%
4555 464 364 7713 Mass of sample after burn: 104e
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BEAM 2

Peosition measurements in (o Mass (grams) Vi Total FY Fraction
ridth-1  width-2  thickness ¥ mm’)| = hefore burn: 21729 .
1 |widthl width-? thickness Volume (mm’)| Mass of w”m_EH_ hefore butn a4 Fiber volimne fraction: 48,742
4$£.1 43,36 514 12731.35 Mass of samnple after burn: 15.2002
2 rdth-1  width-?  thickness Val . Mass of Iz hefore butn: 125477
Sl s H. . — : uEm_m _.EEJ a0 m&q ore — Fiber volume fracton:  49.94%
42847 A4 A.07 12542.72 Mass of sample after butn: 15.9771
wth-1  width2  thickness V; . Mass = before burm; 216197
3 |width-1  width mET_mm ohume (mm’)|  Mass of m”m_.ni before burn L 519 Fiber volums fraction:  45.12%
4872 473 Ll 100204 Mass of sample after bum: 131661
-1 width- i \ } ) = before burm: 22,1004
4 |width-1 sHM_E 2 E:mn_wmm _n.r_Em fmm)| Mass of m”m_.nﬁ before burn ! 004 Fiber volime fraction:  49.75%
4512 M B¢ 1245489 Mass of sample after bumn: 15.4941
] . -1 a i W I b = Bt ) 22 259
5 EQE.H EM_E. m E:mn_mmm _n.H.EHuﬁ._,EEJ Mass of %E_ﬁr before burmn: ! rm__m_m Fiber volums fraction:  49.045% 13,080
4930 5031 .02 1252242 Mass of sample after burn: 15.6647
iith-1  width2  thickness Volume . Mase of sample before burn: 219636
6 __3- - LL _n__.EHE B Maso ealilpls IeTore i “ " Fiber volums fraction:  45.45%
23 44k 498 123221 Mass of sample after burn: 15.5472
T |width-1 ﬂﬁ_w_.m E:mux.ﬁm Valume _EEJ hass of m.waﬁm hefore butn: MW.HWm Fiber volume fraction: 47 54%
4955 50% 522 1328243 Mass of sample after burn: 15.1355
idth-1  width-?  thickness Val j Mass of l= hefore butn: 216977
8 §. — R eseo m_E_u ore e — Fiber volums fraction:  45.25%
4851 5110 307 1712734 Mass of samnple after burn: 15.4
idth-1  width-2  thickness Val } Mass of Iz hefore butn: J1.807¢
9 | — §. — — plsme ) s o m&q e Tt —— Fiber volume fraction:  48.52%
474) M Al 1226214 Mass of sample after bumn: 13,2717
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Fosition ireasiiretnents i (tm) Mass (grams) Vi Total FY Fraction
1 [width1 width? thickness Velume imm®)| Mass of samyle before burn: 209159 - A
— Fibez volume fraction: 3204%
4980 4597 454 11321.27 Mass of sample after burn: 15.0242
2 |width1 width? thickness Velume (mm®| Massof samyle before burm: 20.3885| . o
— — Fiber volume fraction:. 31.63%
4917 4559 453 1113457 Mass of sample after burn: 14.5575
3 |widthl  width? ks Voheme imm’|  Mass of samyple before burn: 71780 . - )
— —— — Fiber volume tracton: 31.77%
4775 5085 453 11845.07 Mass of sample after burn: 15.6426
4 |width1l width-? thicknass Vielume _W_EJ Mass of samgle before burn: 2759 o o
— - — Fibsr volume fraction:  31.19%
5084 5107 473 12461.21 Mass of sample after burn: 16.2674
= < . T : ] B fa it . 165
3 |width1 .._:ME_ 2 thickness Velume _.HHE J|  Mass of samgle before burmn: 6515 e volume fractio:  51.16% =5 604
4940 5213 4R 1241257 Mass of sample after burn: 16,2015
6 [|widthl width? thickness Velume imm®l| assof sample before burn: 242285 o A
— —— — Fiber volume fraction: 30.98%
50.89 53.85 455 13318.47 Mass of sample after hurn: 73151
Yo lwidthl width? thicknass Velume _”Enﬁ, Mass of samgle b=fore burn: 14334 o o
— — —— Fiber volume tracton: 53.16%
4602 3169 SR 11991.63 Mass of sample after burn: 19.3147
B |widthl width? thickness Volume _”En& Mass of samgle bzfore burn: 225765 . )
— - — Fiber velume frachon: 4261%
499 507 Il 12770.01 Mass of sample after burn: 20.38¢9
9 |widthl width? thickness Velume imm®)| Masso samyple before burm: 2L0622| . o
— — — - Fiber volume fracton: 53.88%
4555 51.81 B4 1189413 Mass of sample after burn: 199507
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Fosition ireasiretments in (mm| Mass (grams) Wi Toral FV Fraction
wids cidt? i V7 l = bafors burn: 30165
1 [width1  width?  thickness Volume (mm’)| Mass of mnmﬁi. _iﬂa burn: 199145 Eiber volume frackicn: 47275
do.02 45 5.4 11354.09 Mass of sample atter burn: 13.6613
2 [widt ridth-2  th Y il Mass = bafors : 95237
2 fwidth1 v n:.,_. rmw._wﬂ _.%_EEHMH: | Mass uT”m_EH__ ?._"mq birn H- 523 Eiber fraction: 47555
4631 4509 21> 1111155 Wiass of saraple after burm: 124543
3 |widthl widta2 m___”_gﬁ .r,c_ﬁm_m (zarf - Mass of sample befors burn: D5 o 46545
404 7 23 11350.12 Wass of sarnple atter burn: 138622
i idth?  thi f iR : befors burn: 209178
4 sa_&w width-2 _&xmﬂ Volume (mm®)|  Mass u_.ﬁm”mﬁi _iﬂma, burn ] Eiber fraction: 46735
47.7e 4378 214 11274.83 Wass of saraple after burmn: 143704
i ridth- j i ol v = bafors burn: 21169
5 [|width1 ____L.H_E.m E:%:mm Volume (mm’)|  Mase uT”m_EH_H ?@. biarn “_|m_am Eiber fraction: 46,565 7.00%
910 450 217 12157.19 Wass of saraple after burn: 125941
idth 1 width2 thickness Volume (mm)| Mass of sampl befors burn: 13,7518
6 [uidd v e ) Massof el bel %) Eher volume fracticr:  46.65%
4550 4546 515 114215 Mass of sample atter burn: 13.598
7 [wi idth- } { i I = bafors burt: 20657
7 ,._..a.mu”u width-2 Eﬁ Vohume (mm’)|  Mass u?.mﬁi ?@ bitrn J.657¢ Eiber fraction:  46.785%
$H.e2 0 4949 5.27 11200.87 Wiass of saraple after burn: 121976
B [|width1 width2 Ewmﬂﬁm ﬂa__Ew_”EEq.T \ass umwéﬁmf@mgu 20,6025 Eiber fraction: 47255
d6.64 45.78 5.1 11535.27 Wass of sarnple after burmn: 14,3128
9 s.amm_“m d..__.w_n_mw.m _&:%ﬂwm Volume (o’ Mass %ﬂnﬁmf@mwﬁﬁ 135331 Fiber fraction: 47,505
4558 4332 5153 10577.9 Mass of sample atter burn: 129348
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Pozition  measurements in (mm) Mass grams) Vi Total FV Fraction

1  |widthl width? thicknzss Volure (mm’)| Mass of sarple before bun: 13,3898 . e
—Fiber volume fraction:  74.33%

4531 748 et 834228 Mass of sampla after busn: 11,5717
2 lwidthl width? thickness Vohime ‘mm®| Mass of sacnple before bumn: 13,0033 - o
— - - Fiber volums fraction:  24.45%

4576 HIO0 2ed 811113 Mass of sample after bumn: 11.2675
3 |widthi width? thicknzss Volume (mm’)| Wass of sarnple befcre bumn: 170571 . o
p— - - —| Fiber volums fraction:  54.23%

345 30.78 362 373,90 Mass of sampla after buon: 1.5255
4 |wadth-l  width? thicknsss Volume mm®)| Vass of sacnple before bun: 13,5326 . N
— — Fiber volums fraction:  35.20%

4539 4975 35 842313 Mass of sampla after busn: 11,2628

" - Hl 4 mJ. = ' “_ 0

5 |width1 width2 EHE.EE ﬂiﬁw_m. {mm’)| Mass of sample before bumn: Hw.”mﬁ Fiber volums fraction:  55.29% 5450%

4238 4998 352 877337 Mass of sample after bumn: 12,3714
f |widthl width? thicknzss Vohumme (mm’)| Wacsof sarnple befcre bumn: 154871 o I
— — Fiber volume fracton:  54.39%

A6 4949 360 293452 Mass of sampla after buon: 12.42
7 |widthl width-? thicknzss Vohme imm’)| Massof sacnple before bun: 134822 . e
= - — —Fiber volums fracton:  54.11%

473 B 733902 Mass of sampla after busn: 10,1257
8 |widthi width? thicknsss Vohume fmm’)| Massof sample befcre bumn: 14,5386 . A
- - — Fiber volums fracion:  24.30%

4755 46.00 26l 78120 Mass of sample after busn: 10,3975
Q |widthl width? thicknzss Vohume (mm’)| Wacsof sarmple before bun: 14,7992 o e
— Fiber volume fracion:  54.14%

4917 446k 7 239,07 Mass of sampla after buon: 11126
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Position measurements in (mm! Mass (grams) Total FV Fraction
pidth-1  width-2  thick Volhume (mm’ - 174462 . —1 i

1 .:.mm._ m ,:.u_..mw- thickness Volume (mm’)| Mass of samyple betore burn: 46 Fiber volume fraction:  54.42%
103 5054 3.64 639144 Mass of sample after burn: 13.0337

2 .s_w.n.m._.“_ width-2 thickness Volume (mm’)| Mass of sample before burn: 16.9251 Fiber vahume frackion:  53.23%
a1 4994 3.68 G201.07 Mass of sample after burn: 12,6239

3 __‘,_HE..W __Em&fm thickness Vohums (mm’)| Mass of samnple before burn: 16,5354 iber volume fraction:  54.71%
4595 5022 364 542810 Mass of sample after burn: 12.36%4

4 |width  width?  thickness E_Em mm')| Mass of sample bafore birn: 96 vohame fraction:  52.35%
4517 49.82 3.69 888537 Mass of sample after burn: 11.8203
1dth- 1 i { } 2 - 1597

5 d..__.:.ﬁ_.m width-2 thickness Volume (mm’)| Mass of sample before burn: 59786 Fiber volume fraction:  52.70%
£ 4920 3.68 gE20.07 Mass of sample after burn: 11.8663
5 . 5 H L ¥ . HI. 43

b sp.mﬁ_ 1 width-? _&ﬁwu_mmm ¥ u_ELHﬁ]_.nEJ Mass of sample before burn: 5.8436 Fiber vokume fraction:  55.86%
F011 0 4908 35 8607.90 Mass of sample after burn: 12.2608

7 Ew,mﬁ_.u width-2  thickness Volums E.E# Mass of sample befere burn: mm_.m_.ﬁm_ Fiber vohame fraction:  52.70%
200z 4907 3.7 520431 Mass of sample after burn: 12.3687

8 EEE..H ...a.mmfm thickness  Vohums (mm’)|  Mass of sample before burn: : 16.758 Fiber vohume fraction:  53.16%
453 5116 372 919222 Mass of sample after burn: 124616

g EEE..._ .._..&mfm thickness .S___Ew mm’)|  Mass of samnple before burn: 17.3501 Fiber vohme fraction:  52.26%
4393 5186 3.77 GE30.45 Mass of sample after burn: 12.8608
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Position measursments in (mm) Mass (grams) Vi Toftzl FV Fraction
1 [|widtad Enmf”. tuckness Volume [may’)| Mass of sample _H.Fu.m brierm .pu.uW | Eiber voliue fraction: 47 38%
4897 HIE 414 8871.06 Mass of sample atter burn: 109728
2 |width1l width? thicknes J,qc_ﬁ._.m ‘mer’)|  Mass of sample wm@.m bern: 15,7763 Fiber volums fraction:  48.95%
4831  d6€l 402 6030.01 Mass of samyple ater burn: 11.2954
= 52| 31 £ o T, f m._ 1 - - . 14 AQ9=
3 ﬁaw?u _Enm_fn thickness Volume (moy)|  Mass of sample wm@.n_?:_. 14,4978 Fhber volume fraction: 48,134
4573 4581 40 242146 Masz of sample after burm: 10.3483
iidih-1  width-2  thicknzes Vohime Mazss of samnle befors burn: 16401
1 = (met))  Mass of samole bef Fiber volume fractions  48.50%
4511 49.61 395 049921 Mase of satple artet buurne 118718
o LN : ; I ILEE M ] - 14.2302
5 sa_wm width-2  thicdkness V u__Em. (o) Mass of sample _”_mmma,r burn: 4 um Fiher ol fraction, 47 39% S1%
425 #4444k 835318 Mass of samgple after burn: 10.2378
- o - . T b o = ™ ”_- . )
b |width-1 i&m_mm thicknzss 4_;“._‘_._.4.%?_.EL Mass of Eﬂﬁ—m_um@._sh# mm_m__mp Fiber voktme frackion:  4912%
4640 4678 2 859137 Mass of sample after burn: 10.762
7 |widthl width? thickness Volume Mass of samole befors burn: 14.0508 . -
i — = F_.E_ 275 O samigte el - uL Fiber volume fraction:  49.43%
7789 4277 394 8070.13 Mass of sample atter burn: 101768
iidihl  width 2  thicknzes Vohume Mass of samole befors burn: 14.84¢2
B = . FE_‘_ As 0% Ay ; - _” Fiber volume fraction:  49.55%
4682 41 290 8439.54 Mass of sample atter burn: 10.7268
R T 2 : 7 175 - . 154619
Q  |widthl width? thickness Volumne EE— I Mass of samole E.@.r burn: ! u %mm Bber vokume frackon:  47.18%
4887 4621 in §251.54 Mass of samyple ater burn: 11.1558
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Posiden measurements in (mm) Mass (grams) Vi Toftal FV Fraction
widthl  width?  Hucknes Volume oD Mass of 3 e burn: 27 45 )
1 |widthi width2 E.Hﬁwum wolims ,Ew._._d Mass of sample _R.@.. [Tiat ..i.m 5 Fiber volume fraction:  43.73%
4007 4230 315 12610.23 Mass of samplz atter burn: 156712
2 |widtht .;.Em,_..m E.mﬁﬁmm J,qc__hu_w mm’)|  Mass of sample rm@.m bt mm.m.m._“m Fiber volume fraction:  £3.99%
4992 4330 312 12651.72 Macs of sample atter burn: 158041
3 |widtha .a.:.HT.m E.mémm Volums (mm®)|  Mas: of sample rm_"mqm_ bt 73403 Fhber volume fractcn: 47,861
4964 3210 319 1342251 Wiass of sampls atter burn: 16,382
fidth-1 - width-?  thickness Volume | Mass of sample befors burn: 71,5483 .
1 [t W — &EJ fss € sample betors o Eober volime fraction:  48.85%
4979 4554 305 1278031 Wass of sampls atter busn: 15,3056
adth-l - wadthe i ‘olume | Mass of sar = burm 222449 . .
5  |widthl width2 E.@nﬁmm Volume (mm’)| Mass of ample _ﬁ_mmma, burn - .Hm Fiber volume fraction:  £9.37% 15,48
4982 470 300 1238027 Wass of sampls after burn: 15580
idth-l - width- i ‘olume | Masz of sar = burm: 71829 .
6 E_”EHW width-2 mﬁmaﬁmm ac—_ﬁm E.EJ Mas: of sample _ﬁ_mmma, burn m Ln Fiber volume fraction:  £8.36%
4945 4018 309 137853 Wass of sampls after burn: 152647
Lrd 3 - 2 i 5 T . K a2 of = - . 3 4735
f #EE..H #&Em_ mﬁﬁﬁ% Volumz _.n_Eu”_ Mass of sample _ﬁ_mma,. burn: A o colume frackion: 0.1 4
951 3B 310 1211743 Mass of samplz atter burn: 164382
o ir,_Eu.H i.&?.m EGE Volums (mm’)| Mas: of sample _E.mﬂm baen: mmumm.. Fiher volume fraction:  43.70%
4952 3078 31l 1284974 Mass of samplz atter burn: 158576
didth-1 width-2  thickness Volume | Mass of sample befors burn: 23341 .
9 7 - - 1.n _._H.E_J s B S ) e —— Fiber volume fraction:  43.13%
4966 4332 519 12711.31 Macs of sample atter burn: 15,6015
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Positicn measurements in (mem) Mass (grams| Vi Total FV Fraction

i it 7 ickness Vo H a . 21,3380 ) o

1 En.:.m :._..E 2 ﬁ_._.r.ﬂw 5 Volume (mm’)|  Wass of sample befors burn: rwn...p Firer vohume fracion:  30.75%
482F 5004 455 11729.99 Mass of samplz after burn: 151527

2 ridt width-2  thickness Vah y 2 burn: M.0488

2 |width :nm._.r thickness __a_im.m_ﬂﬁé 1| Mass of sample befors burn: M. Flrer vohume fraction:  50.41%
4874 4873 490 11347.24 Mass of samplz after burmn: 14540
- P AP ) . 3

3 |widthl  width-2 _._Efﬁmum ,,.a__.Em@E Il Wass of sample befors burn: HB.UmE Fiber volume fraction:  45,63%
4892 483 3.00 1151418 Mass of samplz after burn: 149529
= i X i - + " . M BECT

4 fME..._ width-2  thickness ao__Em_”m_m: I Wass of sample befors burmn: rw.m?w Fiher volume fraction:  49.79%
5022 4911 43 12109.55 Mass of samgls after burn: 15,3725
i Eth- . ; ) 2 b 71.974¢

5 s_&&wu E.mm._. 2 thickness Volume (mum)| Mass of sample befors burn: r.ur_m_.L_m Fiver volume fraction:  45.30°% 10,690
4862 5056 4.9% 1219251 Mass of samplz after burm: 15,3868
o = [ i : 7 H o 2 . W 103

b [|width1 _Em:&m thickness aern.__m_”unn I Wass of sample befors burn: r....uuz Fiber vofume fraction:  45.10°%
4870 5174 499 12373.49 Mass of samplz after burn: 15.74%

7 |width1 width-? fhickness Volume (mm')| s of samplo befors burn: 19.91%4

- = ) Mass of sample befor Fhser voluze fraction:  45.54%
4703 4647 497 11359.72 Mass of mm_E._.u_m after burn: 14.0604
idihl  width2 thickness Vohume (mm’|| Mass of sample befora burn: 2082

§ el L AR Moass of sample belor e pver vohume fraction:  49.04%
4802 473 509 11375.78 Mass of sample after burn: 144768
i T - . y H N = U..u__ ARE7Y

9 saE..H width-2 EE A.arEm.EE.* Wass of sample befors burn: 7ARET Fiber vofume fraction:  45.12%
4724 48 30 975291 Mass of samglz after burn: 122322




186

BEAM10

Pesibien  measurements in {mm) Mass (grams) Vi Total TV Fracticn
1 |width1 width? thickness Velume (mm’)| Mass of sample before bumn: 22497 Zihes velime frackion:  47.84%
{785 E35l 5.19 13273.8¢ Maszs of samale atter busn: 1£.223
2 |width1 width? thickness Velume (mm’)| Mass of sarmple befoze bumn: 32,5058 Sher vohume foaction:  48.02%
4759 E155 3.20 1289664 Mas3s of sample atter bun: 157933
3 |width1 width-? thickness Volume (mm)| Mass of sarmple before bumn: 32,032 e volume facticnr 47.05%
46.70 S04 .30 12525.22 Mass of mmEm._—m. after b 12,0902
4 |widh1 wudth? thickness Velume (mm®)| Mass of sarnple before busn: 31143 e vclume fraction: 4721
4746 A5 2.1k 12016.93 Mass of samzle after bumn: 14,4534
5 |widh1l width? thickness Velume (mm')| Mass f sarmple before bum: 22213 cther volume fractionr 47,07 1755,
§7.26  El3Z 318 1256348 Mass of sample after bumn: 150502
6 |width1 width? thickness Velume (mm’)| Mass of sample before bumn: 71447 e veleme foactice: 47,03
4287 3.2 12186.61 Mass of sample after bumn: 140135
T |widh1 width? thickness Volume (mm’)| Mass of sample befcre bumn: 133415 Sher volume fackion:  48.18%
4833 E17D 313 1305140 Mass of samole after burm: 1605349
§ |width1 width? thickness Velume (mml| Mass of sample before bumn: 21.7597] e velume facticn: 48,02
401 Elal 316 1225281 Maszs of samale atter busn: 120043
Q |widh1 width? thickness Velume (mm’)| Masscr sarmple befoze bumn: 16.6354] “her velume foackicn: 47 59%
416 485 3.19 11191.8% Mas3s of sample atter bun: 12.5527]
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Position  measucements in (oum) Mass (grams Vi Total TV Fraction
widbd widib?  Hickoes & = hef . 5

1 .:._..m._ 1 width? tucknzss Volume (mam’)| Mass of samplz before burn: Fumm_m_ Fiber velime frackion: 53713
4557 40 3.2 792212 Mass of sample aftz: umn: 10,9306

2 .__,_H.Hu._.u .__,.&m._.m z.n._..._a“mm Volume _w.ﬂEw_ Wass of samplz before bion: 15.0118 Fiber velume fraction:  5315%
4551 4945 267 B313.67 Mass of sample aftzz busn: 11.2767

y orcth- wi1dfh-2 1 o W 7l = et . 1002

3 [width1 width? thickness Volume (mm’)| Mass of sample before burn: Flna.. Fibet volme fraction:  53.73%
502 417 387 7797.81 Mass of sample afte: bumn: 10.5842

4 E&_.&.._ ____:m__&.m :.__.nw_“_mmm Volume _“m._Eq I| Mass of samplz before burn: Hm.wmm Fiber velume fraction: 51673
$£21 9 .57 522624 Mass of sample aftzz busn: 11.2592

- c - c - c = e - bl , 5 E45

3 [wdth-1 ..Em—E 2 thuckness _____cEmE {mar)| Mass of samplz before bumn: 15.5245 Fibet volme fraction:  53.06% s350%
£7 B4 380 8594.74 Mass of sample afte: bumn: 11.6287

h  |width-1 EE:._L.H :.:.nw_“_mm __._dEE.m Fqu I| Wass of samplz before busn: 14.6467 Fiber volume fraction:  53.44%
4502 482 2ed 8054.97 Mass of sample aftzz busn: 10.9769

- g g : ; E et _ 5885

¢ [wnadth-1 spm—E 2 fhucknsss Volume (mav)| Mass of sampls before bumn: 15.8851 Fibet volme fraction: 57,563
4551 B 365 873348 Mass of sample aftz: bumn: 11.8019

8 E&_.&.._ ____..m_m._.m :.:.nw_“_mm __._dEE.m (ma’)|  Vass of samplz before bun: u.m.mwum Fiber volume fraction:  53.67%
454 E090 26l 8356.90 Mass of sample aftzz busn: 11.4897
. " . _ . - E L. _r . - H.-I

9 [|width-1 spm—E 2 mﬁgwm Wolume (mav')| Mass of samplz before bumn: 15 W_m_m Fibet volme fraction: 53613

17, BAn 383 8639.3¢ Mass of sample aftz: bumn: 118533
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Fosiion  measursments in (mm| Mass (grams| Vi Total TV Fraction
ridth bl thicknzes Volame imm)| ) i . 11205
1 |widthi1 H.au_..mfp @% Volums imm’)| Mass of sample befcze busn: L...._”l Fiber volume fraction:  4831%
664 5017 .03 11768.54 Mass of sample after bun: 145002
2 |width1 in.mfw mm_,mﬁmm ﬂu_Em_w __HHE& Mass of sample before burn: 204441 Fiber volume frackion: 47 56%
702 537 519 11562.34 Macs of sample after bun: 14.0222
ridth-1 - width-2  thickness  Volume | Mass of sample before birn: 205071 .
3 |w i width-2 3 s Volume imm’)| Mass o sample before 3 U Fiber volume fractone  47.01%
4593 478 5.32 11647.% Wiass of sample after bumn: 13.9635
ridth-1  width-2  thicknzss  Voltms | Mass of sample before burn: 210909 .
4 — — — = = _.EEJ A% ereamp o Fibet volume frachen:  47.83%
45.31 5045 .19 1187317 Wiass of samole after bmn: 144817
ridth- i i ; I \ fs : 215638 . :
5 |widthl wadth2 munf_wm Volums _EEJ Masz of sample befoze buen: um1 Fiber volume fraction:  48.20% 7o
4818 488 213 12021.30 Wiass of sample after bumn: 14.8478
il o 1 1 y I ] £ . 2475
b | amp]H i_m_u&..m mnnfwm Volums fmm)|  Mass of sample before bun: 247564 Fiber volume fraction:  47.78%
4872 55E 5.13 1392072 Wass of sample after bumn: 169721
7 |width1l width2 thickness Volwms | Mass of sample befere bun: 22,0922 -
. — - - = = H__Eu.._ P o sample Deltee ——| Fiber volume frachon:  48.84%
4H% 5308 5.02 1224255 Mass of sample after burn: 15231
ridth 1 width-2  thicknzss Volums | Mass of sample befoze bun: 221946 .
6 - - = -m...H_E& s £ saaple Deleee — _” Fiber volume frachon:  47.88%
H4 o 1 21 1254312 Mass of sample after bun: 15318
0 |width1 Eﬁmfw ¢=n.r=$m Yolums _E_H& Mass of sample before burn: H.mmm_m Fiber volume fraction:  47.95%
4817 5785 513 1432013 Macs of sample after bun: 17.505
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Position  medsurements in (mm) Mass {grams) Vi Tomal FV Fraction
1 |width1 width? thickness Volume (mm’)| Mass of samale hefore burn: 16,1258 _— .
: ) Fiber volume frachor;  31.99%
Sles 473¢ 375 8175.4 Mass of samgle atter buen: 121612
7 lwidth1 width? thickness Volume (mm’)| Mass of samale hefore burn: 143107 o R )
- — - . —— Fiber volume fractior:  32.48%
4622 4632 373 5020.02 Mass of samgle atter burn: 10.7321
3 |width1 width-2 thickness Volume (mm’)| Mass of samale hefore burn: 15.9587 o o
- . — Fiber volume fractory  31.44%
48,33 4918 397 9033.50 Mass of sample atter burn: 11.875
d |width1 width-2 thickness ﬂ_quwm _HHHEUH_ Mass of samzle wm.“w%. braen: 145002 Fiber volume fracton:  4757%
4e.00 49.77 2.E1 8956.21 Mass of sample attet burn: 10.8e38
5 EME_.._ width-2 Eﬁ olume Fwn_ | Mazs of sample _”m#%. brurm; Hm_..mm 4 Fiber voliume frackorn:  52.42% =+ a2,
a4 4900 J.ed 9181.57 Mass of sample after burn: 12741
f |width1 width-2 thickness Volume (mav'l| Mass of samole before bum: 16,5545 . -
— — — - - . - Fiber volume frachor:  31.13%
Jlel 514l 387 973720 Mass of sample atter burn: 12,85
T |width1 width-? thickness Volume n.EEm,_ Mass of samole before burn; 14,5408 . I
- — — : ) Eumq volume frachory 23.21%
444 4735 387 B059.8¢ Mass of samgle ater burn: 10.53c¢
§ |width1 width? thickness Volume (merl| Mass of samole before burn: 138611 . I
- - ) —{ Fiber volume fraction:  33.38%
4812 #H4AM .63 74512 Mass of samgle atter buen: 10.242
0 |width1 width? thickness Volume (mav)| Massof samale bfore burn: 14.8042 L 53508
— — — - . Fiber volume fraction:  33.50%
F: MY .65 B178.72 Mass of samgle atter burn: 111582
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BEAM 14

Position meastiremants i () Mass [grams) vVt Total FV Fraction
A T Hu Volumz | A : 74256 ) )
1 [|widthl Em.?- thickness ¥ u_nH.._.H.HHB Mass of m.m_.Eﬂm before burn: 17 4209 s valime frackion:  51.00%
4977 5149 17 9635.59 Mass of sarmple afte: Turn: 12,7997
2 #.&T.H Emw.?m .HEE._..mm ﬂu__B._m. imm’)|  Mass of m.waﬂm Fefore i 174131 e vohume frackion:  5172%
5039 5087 3,75 971z.09 Mass of sample aftzz buen: 12,5119
width- idth-2  thickness Volums | Mase : 20243
3 vidth-1 Emmw thickmness E—EH__J_.H_,E& ass of wmﬁ_ﬁﬁ before burn 18,0243 e valeme fraction:  5156%
4927 552 34 10042.7 Mass of sarmple afte: Turn: 13,2034
Adth-1  width-2  thackness  Voltms | Mase of le befare burn: 15,9043
i - T _.HEJ a5 of saliple BEore A zibec volume fraction:  51.98%
4919 4832 270 §784.35 Mass of sample aftzz buen: 11.6347]
il ; ; r : ._ : & 37471 o
5 ﬂa_w_lH width-2 [ ._.__n_—..ﬁm. fmm)| Mass of wmﬁ_ﬁﬁ before burn: 16,574 e valime fraction:  5116% 5175
4954 49,32 268 an1c.82 Mass of sarnple afte: burn: 11,9913
b |width-1 SEE.W Ewm __._d_.._uwm]_”nﬁv___ Mass of m.waﬂm hefore biirn: 161054 Sher valume frackion:  5163%
4870 49.05 3.75 8957.70 Mass of sample aftzz buen: 11.7945)
- o _ - - - 3 r- . - h
Ky sa_w_m Emm_.m thickness Volums _n_Eu.._ Mass of m.m_.nﬁm before Turn: 17,0403 e valime fraction: $1.92°%
4935  5LM 373 432,05 Mass of sarmple aftz: burn: 124573
B |width-1 width-2 Emm Volums _EEJ Mass of m.waﬂm hefore biirn: Hm..wwqu Sher valume frackion:  52.04%
4987 4991 270 9208.34 Mass of sample aftzz buen: 12,2971
=5 i 5 5 b ¥ 1 . i 40
g sa_w_lH Emm_.m thickness  Volums fmm)|  Mass of m.m_.nﬁm before Turn: 170543 e valime fraction:  50.44%
4951 5068 3.87 971045 Mass of sarmple aftz: burn: 12,4854




BEAM 15

191

Peosition MEdstretents m () Mass (grams) Vi Total FV Frachon
idth-1  width-2  thickness V ) Mass of s ; 3018] . . -
1 |width1 width2 thickness Vclume (mm’)| Mass of sample before burn 15,3018 Fiber velume fracton:  5L06%
630 4790 380 9007.82 Wass of sample aftez urn: 11.77
2 idth-1  width-2  thickness Vil | Mass of samyle before burn: 170748
i i ! H. — K e nﬁEu ass ehsampe pelore Fiber velume fracken:  50.16%
4940 E0AD 383 961146 Mass of sample aftzz buen: 12,2949
idth-1 width2 thickness V A Mass of : 2908
3 |width-l width2 thickness Vilume (mm’)| Mass of sample before burn 13 _uw Fiber volume fraction:  49.43%
472 $4 3491 9623.02 Wass of sample aftez urn: 12,1315
width-1 width-2  thickness Vil Mase of samgle before burn: 15.1474
4 = ___5. — AWHEJ A5 oL SR B Fiber velume frackon:  51.80%
711 R08 3.69 8879.24 Mass of sample aftzz buen: 11.7288
idth-1  width-2  thi v ) ; 351 —
5 _:&E.m width2 thickness Velume (mar)| Mass of samgle before burn 15.35 Fibet volume fraction:  50.06% S0750
4835 4955 3.83 927125 Wass of sample after burn: 1153346
width-1  width-2  thickness Vil Mase of samgle before burn: 17.5289
6 . ___S. IR Masecfsmle tefre L2 Fiber volume fraction:  50.70%
f119 Z113 3.79 9929.44 Mass of sample aftzz buen: 215383
7 idth-1  width-2  thi v ) ; 7.1059
/ _:&Em E_H_E..m fhickness Vclume _m__EJ Mass cf samgle before burn 1715 Fibet volume fracton:  52.16%
973 825 3.77 9368.50 Wass of sample aftz- burn: 12,4578
width-1  width-2  thickness Vil Mase of samgle before burn: 17.2991
8 ___S. = o:ma AEEJ s cheampe EDre - — Fiber volume fraction:  5L.07%
4957  H4 383 959741 Mass of sample aftzz buen: 124981
idth-1  width-2  thi v ) ; 2411
Q |width-1 width-2 thickness Q:EJE_EJ Mass cf samgle before burn 15.241 Fibet voliume fracton:  50.30%
497 7.2 3.88 9105.72 Wass of sample aftz- burn: 11.5301




192

BEAM 16

Positdon measurements in (mm) Mass |grams) Vi Total TV Fraction
1 [|width1 width? thickness Volurne (mm’)| Mass of samyle before burn: 1875, . I
— - — — Fiber volume fraction:  45.21%
4$21 4538 548 10920.18 Mass of sample after buen: 2.5558
% |width  width?  thickness Volurne (mm’)| Mass of zammple before burn: 20,1339 _ o o
— — Tibet volume fraction:  45.08%
4601 4576 547 11753.31 Mass of sample after buen: 13,5247
7 lwidthl  width? thickness Volume (mm™)| Mass of zammple before burn: 18,9937 _ _ R
— — Tiber volume fraction:  44.71%
4554 4430 5,55 11195.69 Mass of sample after burr: 12,7553
4 |widthl widtn? thickness Volume (mm’i| Mass o satnple before busn: .8553|_. o e
— Tiber velume fraction:  46.33%
4747 4930 i 1342584 Mass of mmﬂﬁ__m after butn 14,6506
i dth- } i { sofs fore burm: 225145 .
5 |w _mm_..._ fm:.: 2 m_iEl ess Volume (mm')| Mass of sample before burn: : £l Piber volume fraction:  46.32% 16205,
4751 EL0L 22 1259294 Mass of sample after burr: 5.2291
b [|widthl width2 thickness Volume (mm’l| Mass f samgple before burm: 20,5238 _. . o
— — —]|iber volume fraction:  46.21%
4587 HBY b3k 11937.43 Mass of sample after burn: 141255
7 |widh1 width? thickness Volume (mm’)| Mass ol sample before burn: 0204 . I
- » = . - —]Fiber volume fractiom:  47.39%
411 411 5.22 11323.66 Mass of sample after burn: 12,6902
§  |widh1 width? thickness Volume (mm’l| Mass ot samgple before butr: 215138 . .
- - — — Fiber volume fraction:  47.43%
480 4530 516 1215264 Mass of sample after burn: 14.70%
0 |width1 width? thickness Volume (mml| Masscf samyle before burn: .54 o o
— — — — Tiber vclume fracton:  47.96%
4562 M 516 119914 Mass of sample after buen: 14,6993
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APPENDIX H

MECHANICAL TEST DATA
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Compression Data

Position | Width(mm) | Thickness(mm) | Ultimate Strength (N)
1-1 11.37 3.65 -
1-2 11.43 3.67 20422
1-3 10.11 3.62 25257
2-1 10.41 3.62 22681
2-2 11.33 3.59 25693
2-3 11.53 3.61 -
3-1 11.88 3.63 27130
3-2 9.01 3.76 -
3-3 10.57 3.77 21965
4-1 11.56 3.6 -
4-2 10.78 3.65 -
4-3 10.88 3.58 19723
5-1 10.92 3.57 23665
5-2 11.76 3.61 -
5-3 10.41 3.6 23322
6-1 11.34 3.6 -
6-2 11.39 3.61 -
6-3 10.7 3.54 24167
7-1 12.56 3.66 27726
7-2 9.11 3.68 -
7-3 11.65 3.65 -
8-1 11.29 3.54 -
8-2 10.08 3.52 22770
8-3 12.1 3.72 25831
9-1 12.46 3.5 -
9-2 11.44 3.54 23558
9-3 9.91 3.53 18887

Beam 1
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Position | Width(mm) | Thickness(mm) | Ultimate Strength (N)
1-1 11.48 5.22 28945
1-2 11.8 5.1 26609
1-3 12.2 5.06 30920
2-1 10.94 5.26 29038
2-2 11.08 5.24 28842
2-3 11.82 5.2 32356
3-1 11.24 5.17 30252
3-2 11.37 5.22 32659
3-3 11.98 5.21 27499
4-1 11.59 5.14 32423
4-2 11.98 5.18 32259
4-3 10.4 5.11 28575
5-1 11.12 5.2 24826
5-2 11.33 5.12 27241
5-3 11.65 5.12 29154
6-1 10.87 5.02 28420
6-2 12.29 5 29140
6-3 11.54 4.99 30017
7-1 12.6 5.23 30484
7-2 10.96 5.15 26956
7-3 11.1 5.31 27526
8-1 11.91 5.24 30466
8-2 11.73 5.22 26894
8-3 10.84 5.27 28700
9-1 11.59 5.18 32250
9-2 11.74 5.06 31547
9-3 11.2 5.04 29750

Beam 2
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Position | Width(mm) | Thickness(mm) | Ultimate Strength (N)
1-1 11.58 4.8 31422
1-2 11.69 4.73 -
1-3 11.16 4.66 -
2-1 11.04 4.82 -
2-2 11.89 4.71 31013
2-3 10.43 4.73 -
3-1 10.73 4.82 -
3-2 11.62 4.91 27824
3-3 11.61 4.84 -
4-1 10.24 4.72 -
4-2 11.33 4.82 -
4-3 11.53 4.79 32757
5-1 11.11 4.79 30261
5-2 11.27 4.75 -
5-3 11.15 4.85 -
6-1 11.65 4.77 -
6-2 12.02 4.67 33953
6-3 11.18 4.78 -
7-1 11.95 4.96 -
7-2 11.57 4.88 -
7-3 10.77 4.85 33366
8-1 11.78 4.86 -
8-2 10.98 4.94 32098
8-3 11.4 4.88 -
9-1 11.64 4.71 32454
9-2 11.74 4.83 -
9-3 11.77 4.86 -

Beam 3
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Position | Width(mm) | Thickness(mm) | Ultimate Strength (N)
1-1 11.73 4.88 -
1-2 10.64 4.93 28028
1-3 11.34 5.04 -
2-1 10.59 5.01 -
2-2 10.52 4.97 31987
2-3 11.74 5.08 -
3-1 11.24 5.08 -
3-2 11.1 4.96 32396
3-3 11.33 5.03 -
4-1 10.87 4.94 27930
4-2 11.01 5.01 -
4-3 11.86 4.94 -
5-1 11.22 4.93 32886
5-2 9.52 4.94 -
5-3 12.36 4.99 -
6-1 11.29 4.93 -
6-2 10.9 4.96 30061
6-3 11.94 4.95 -
7-1 11.78 5.08 -
7-2 10.86 5.02 -
7-3 11.12 5.1 33771
8-1 11.11 4.96 -
8-2 11.51 4.89 -
8-3 10.94 4.94 30617
9-1 11.21 5.08 30470
9-2 10.53 5.09 -
9-3 11.82 5.12 -

Beam 4
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Position | Width(mm) | Thickness(mm) | Ultimate Strength (N)
1-1 11.85 3.67 24056
1-2 10.88 3.57 -
1-3 11.81 3.65 -
2-1 11.67 3.71 -
2-2 12.29 3.61 -
2-3 11.23 3.55 20582
3-1 11.3 3.68 24332
3-2 10.33 3.56 21196
3-3 10.92 3.63 -
4-1 12.57 3.57 -
4-2 11.99 3.55 27099
4-3 10.94 3.52 -
5-1 11.11 3.49 26347
5-2 11.82 3.55 -
5-3 12.07 3.46 -
6-1 12.28 3.52 -
6-2 12.15 3.54 -
6-3 11.44 3.53 23949
7-1 12.38 3.59 -
7-2 10.44 3.55 -
7-3 10.14 3.59 22375
8-1 12.75 3.65 -
8-2 10.73 3.68 -
8-3 10.95 3.6 24256
9-1 10.52 3.66 -
9-2 11.29 3.6 25773
9-3 10.8 3.76 -

Beam 5
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Position | Width(mm) | Thickness(mm) | Ultimate Strength (N)
1-1 10.63 3.68 -
1-2 12.28 3.71 22446
1-3 11.89 3.64 -
2-1 12.26 3.71 -
2-2 11.08 3.66 -
2-3 10.83 3.61 20827
3-1 11.36 3.83 -
3-2 11.58 3.81 22508
3-3 11.78 3.74 -
4-1 11.93 3.62 -
4-2 11.79 3.77 -
4-3 12.04 3.63 23678
5-1 12.7 3.65 -
5-2 10.97 3.66 20880
5-3 12.35 3.61 -
6-1 11.97 3.58 -
6-2 11.4 3.54 20907
6-3 11.36 3.47 -
7-1 10.84 3.63 -
7-2 10.65 3.82 21698
7-3 12.11 3.67 -
8-1 11.92 3.66 -
8-2 10.62 3.76 21231
8-3 12.41 3.93 -
9-1 11.55 3.6 23584
9-2 11.4 3.73 -
9-3 10.82 3.81 -

Beam 6
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Position | Width(mm) | Thickness(mm) | Ultimate Strength (N)
1-1 11.95 3.96 24003
1-2 10.7 3.88 22361
1-3 8.44 3.81 -
2-1 9.23 3.78 22077
2-2 11.51 3.95 -
2-3 11.6 3.8 25577
3-1 11.47 3.96 -
3-2 11.36 3.86 -
3-3 11.17 3.84 23798
4-1 10.67 3.89 20902
4-2 12.85 3.82 -
4-3 11.29 3.81 19732
5-1 12.03 3.82 -
5-2 11.88 3.88 -
5-3 10.49 3.94 18215
6-1 11.16 3.85 22415
6-2 11.29 3.81 -
6-3 11.52 3.82 -
7-1 13.3 3.88 -
7-2 10.03 3.75 18967
7-3 11.59 3.77 22980
8-1 10.62 3.83 20653
8-2 11.55 3.8 -
8-3 11.17 3.81 -
9-1 10.65 3.83 -
9-2 11.56 3.89 23077
9-3 9.88 3.88 -

Beam 7
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Position | Width(mm) | Thickness(mm) | Ultimate Strength (N)
1-1 11.37 4.72 31444
1-2 10.75 4.98 -
1-3 12.82 4.88 -
2-1 11.52 5.13 -
2-2 11.71 5.05 -
2-3 10.94 5.14 30915
3-1 10.75 5.06 -
3-2 11.85 4.94 30613
3-3 11.87 4.92 -
4-1 11.14 4.94 31894
4-2 11.82 4.93 -
4-3 10.97 5.03 -
5-1 12.58 4.92 -
5-2 11.07 4.95 28429
5-3 11.03 4.87 -
6-1 11.53 4.97 -
6-2 12.02 4.95 -
6-3 11.62 4.87 32721
7-1 11.63 4.89 -
7-2 11.54 4.93 28482
7-3 11.27 4.85 -
8-1 11.29 5.03 -
8-2 10.63 4.96 30595
8-3 11.98 5.03 -
9-1 11.46 4.91 -
9-2 11.85 5 -
9-3 10.07 5.14 27392

Beam &
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Position | Width(mm) | Thickness(mm) | Ultimate Strength (N)
1-1 11.54 5.03 28669
1-2 11.31 4.98 26285
1-3 10.77 4.96 30622
2-1 12.3 5.01 31164
2-2 11.7 4.99 31787
2-3 11.35 5.03 29211
3-1 10.59 5.13 30533
3-2 12.97 5.07 -
3-3 10.82 5.07 -
4-1 10.76 4.96 28446
4-2 12.37 5.01 -
4-3 11.34 5.05 -
5-1 11.31 4.98 29714
5-2 12.41 5.09 33041
5-3 10.6 4.99 -
6-1 11.77 5.08 29207
6-2 11.66 5.16 -
6-3 11.09 5.04 -
7-1 10.66 5.09 -
7-2 12.49 5.02 33984
7-3 11.26 5.09 29856
8-1 12.01 5 -
8-2 11.44 5.06 28700
8-3 10.9 5.16 27339
9-1 12.96 5.16 34754
9-2 11.28 5.06 30857
9-3 10.45 5.24 28713

Beam 9
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Position | Width(mm) | Thickness(mm) | Ultimate Strength (N)
1-1 12.19 5.4 -
1-2 10.75 5.35 32058
1-3 11.35 5.29 -
2-1 11.49 5.11 30866
2-2 12.49 5.14 -
2-3 10.35 5.22 -
3-1 12.83 5.35 -
3-2 10.98 5.29 27975
3-3 12.49 5.37 -
4-1 10.73 5.2 -
4-2 11.42 5.2 32579
4-3 11.39 5.26 -
5-1 12.26 5.29 31298
5-2 10.02 5.28 -
5-3 12.46 5.19 -
6-1 11.75 5.15 -
6-2 10.89 5.23 29229
6-3 12.96 5.23 -
7-1 12.37 5.22 -
7-2 11.98 5.19 35452
7-3 12.2 5.35 -
8-1 10.59 5.1 -
8-2 11.74 5.08 30595
8-3 11 5.21 -
9-1 12.47 5.26 -
9-2 11.31 5.22 31854
9-3 11.85 5.32 -

Beam 10
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Position | Width(mm) | Thickness(mm) | Ultimate Strength (N)
1-1 11.06 3.3 24225
1-2 10.88 3.46 25853
1-3 11.99 3.54 25880
2-1 10.82 3.37 22232
2-2 11.51 3.38 23086
2-3 11.72 3.29 24732
3-1 10.27 3.29 21138
3-2 11.08 3.44 24723
3-3 11.05 3.34 20342
4-1 11.02 3.43 25284
4-2 11.14 3.36 24679
4-3 12.18 3.35 24278
5-1 11.21 3.35 20675
5-2 10.41 3.23 19630
5-3 11.93 3.23 22134
6-1 10.18 341 20938
6-2 11.76 2.98 24603
6-3 10.82 3.31 22464
7-1 10.42 3.45 21974
7-2 10.93 3.51 22375
7-3 10.72 3.47 21690
8-1 11.45 3.39 20649
8-2 10.82 3.19 18634
8-3 10.83 3.27 22770
9-1 10.68 3.34 24034
9-2 10.34 3.38 21916
9-3 11.27 3.32 24158

Beam 11
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Position | Width(mm) | Thickness(mm) | Ultimate Strength (N)
1-1 11.12 5.22 -
1-2 11.8 5.13 -
1-3 10.83 5.13 28722
2-1 10.51 5.26 29123
2-2 12.96 5.2 -
2-3 11.51 5.23 -
3-1 11.43 5.21 -
3-2 11.49 5.31 32614
3-3 12.56 5.29 -
4-1 10.86 5.25 30986
4-2 11.12 5.22 -
4-3 10.69 5.14 -
5-1 10.75 5.14 30808
5-2 11.02 5.18 -
5-3 11.47 5.12 -
6-1 10.6 5.12 30412
6-2 12.25 5.2 -
6-3 11.37 5.11 -
7-1 10.1 5.19 31827
7-2 11.26 5.11 -
7-3 12.17 5.23 -
8-1 11.66 5.03 34296
8-2 12.85 5.06 -
8-3 10.3 5.13 -
9-1 10.16 5.15 28344
9-2 12.21 5.18 -
9-3 12.02 5.19 -

Beam 12




206

Position | Width(mm) | Thickness(mm) | Ultimate Strength (N)
1 13.52 3.44 26925
2 14.17 3.45 25906
3 14.13 3.44 28504
4 12.09 3.43 24363
5 12.87 3.48 26405

Beam 13
Position | Width(mm) | Thickness(mm) | Ultimate Strength (N)
1-1 11.09 3.73 -
1-2 11.46 3.8 21681
1-3 10.53 3.75 -
2-1 11.44 3.96 -
2-2 10.84 3.77 20422
2-3 9.91 3.85 -
31 11.24 3.82 23104
3-2 11.86 3.87 -
3-3 12.18 3.81 -
4-1 9.84 3.73 -
4-2 11.24 3.78 -
4-3 11.9 3.8 25221
5-1 10.43 3.63 22246
5-2 13.14 3.75 -
5-3 12.73 3.66 -
6-1 11.87 3.67 23424
6-2 12.81 3.79 -
6-3 9.88 3.74 -
7-1 12.87 3.75 -
7-2 10.7 3.76 23157
7-3 11.5 3.68 -
8-1 11.19 3.7 -
8-2 10.25 3.74 21062
8-3 12.86 3.71 -
9-1 11.09 3.59 22459
9-2 11.78 3.77 -
9-3 11.34 3.74 -

Beam 14
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Position | Width(mm) | Thickness(mm) | Ultimate Strength (N)
1-1 11.78 3.91 26574
1-2 11.28 3.72 -
1-3 11.28 3.72 -
2-1 12.35 3.94 -
2-2 11.19 3.72 24732
2-3 12.27 3.81 -
3-1 11.15 3.89 -
3-2 12.03 3.91 -
3-3 12.06 3.85 29812
4-1 11.18 3.73 -
4-2 11.36 3.71 -
4-3 11.12 3.76 21369
5-1 11.29 3.89 21151
5-2 11.88 3.77 -
5-3 12.15 3.76 -
6-1 11.28 3.79 24176
6-2 11.25 3.8 -
6-3 12.44 3.83 -
7-1 12.52 3.75 -
7-2 11.14 3.8 23874
7-3 12.37 3.88 -
8-1 11.76 3.76 -
8-2 11.74 3.72 27739
8-3 11.94 3.9 -
9-1 10.09 3.85 -
9-2 12.82 3.82 -
9-3 11.34 3.96 25613

Beam 15
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Position | Width(mm) | Thickness(mm) | Ultimate Strength (N)
1-1 10.12 5.37 25929
1-2 12.43 541 -
1-3 10.55 5.38 -
2-1 10.33 5.39 27957
2-2 12.65 5.39 -
2-3 10.33 5.3 -
3-1 9.72 5.38 -
3-2 11.89 5.59 -
3-3 11.23 5.18 29345
4-1 11.35 5.19 -
4-2 10.81 5.24 28010
4-3 11.05 5.28 -
5-1 12.46 5.28 -
5-2 10.6 5.28 29140
5-3 11.12 5.24 -
6-1 12.06 5.35 -
6-2 10.45 5.32 30586
6-3 12.05 5.3 -
7-1 12.7 541 -
7-2 10.25 5.23 -
7-3 10.92 5.35 31396
8-1 11.27 5.19 -
8-2 11.41 5.18 -
8-3 10.84 4.88 27428
9-1 11.77 5.27 -
9-2 10.69 5.15 -
9-3 11.26 5.24 32646

Beam 16




Tens
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ion Data

Position | Width(mm) | Thickness(mm) | Ultimate Strength (N) | Modulus (Mpa)
1 24.56 5.09 88520 317
2 23.51 4.85 88075 335
3 23.95 4.88 87230 337
4 - - - -
5 - - - -
6 - - - -
Beam 2
Position | Width(mm) | Thickness(mm) | Ultimate Strength (N) | Modulus (Mpa)
1 - - - -
2 - - - -
3 - - - -
4 23.48 4.80 84338 -
5 23.55 4.73 90877 351
6 24.07 4.71 91500 393
Beam 3
Position | Width(mm) | Thickness(mm) | Ultimate Strength (N) | Modulus (Mpa)
1 - - - -
2 - - - -
3 - - - -
4 23.90 3.51 74730 -
5 23.96 3.49 72728 427
6 25.36 3.53 86029 426
Beam 5
Position | Width(mm) | Thickness(mm) | Ultimate Strength (N) | Modulus (Mpa)
1 - - - -
2 23.74 3.48 79712 475
3 - - - -
4 25.02 3.56 80780 407
5 21.24 3.47 72017 438
6 - - - -

Beam 6
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Position | Width(mm) | Thickness(mm) | Ultimate Strength (N) | Modulus (Mpa)
1 24.07 5.05 88653 329
2 24.73 5.01 90254 329
3 - - - -
4 - - - -
5 24.23 4.99 86607 324
6 - - - -
Beam 8
Position | Width(mm) | Thickness(mm) | Ultimate Strength (N) | Modulus (Mpa)
1 22.76 4.76 84338 -
2 - - - -
3 - - - -
4 24.83 4.86 83271 324
5 24.70 4.86 87452 328
6 - - - -
Beam 9
Position | Width(mm) | Thickness(mm) | Ultimate Strength (N) | Modulus (Mpa)
1 19.84 3.69 63788 436
2 22.58 3.68 71261 389
3 - - - -
4 - - - -
5 23.68 3.64 74463 447
6 - - - -
Beam 14
Position | Width(mm) | Thickness(mm) | Ultimate Strength (N) | Modulus (Mpa)
1 - - - -
2 - - - -
3 23.37 3.67 75976 -
4 24.24 3.67 81091 411
5 - - - -
6 24.44 3.81 78467 -

Be

am 15
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APPENDIX I

IMAGE J MACROS
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makeRectangle(0, 0, 2000, 1400);

run{"crop");

run{"8-bit™);

saveAs ("Tiff", "F:\\BeamData\\\PorosityData\\Beam&'\processed''\cropped\\Beamg-9-a-1.tif");

H1 - 8bit Macro for Imagel

This macro in HI is very simple as it takes the raw image that was shown before
and crops out the border at the bottom, which is what the rectangle dimensions are based
on. Once it is cropped, it saves the image in a cropped folder. Once that is done, the
image is left open and a new image of the raw .tif file is opened. Then the second macro

can be run, which is shown in H2.

makeRectaﬂg1e(D, 0, 2000, 1400);

run("Ccrop"

run"8-hbit");

run{"subtract...”, "value=180");

run "Multiply...", "value=255");

run("remove outliers...", "radius=4 threshold=0 which=Bright");
run("add Image...”, "image=Beam6-9-a-1.tif x=0 y=0 opacity=60");

H2 - 8bit-sub-multi-outlier Macro for ImageJ

This second macro also crops out the border, similar to the first macro. Then it
effectively creates a binary image by subtracting every pixel by a color value of 180, then
multiplying every pixel by 255. This means that every pixel that had a value of 180 or
less will be black and every pixel that had a value above 180 will be white. The next
command reduces some of the noise by removing any very small white specs that may
have survived. The final command overlays the previously cropped image onto the
current image so the original image can be seen with the black and white pixels. The final
step is to touch up the image by filling in spots that were missed with white pixels using
the paintbrush tool. An example of where this would need to be done is in the dark center

areas that are present in some of the larger porosity spots.
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APPENDIX J

POROSITY DATA
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7/314 14KV 23X WD39
Sample from Beam 2




7/3114 14KV 23X WD38
Sample from Beam 3

Sample from Beam 4
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g &
712414 13kV 25X YWD39

Sample from Beam 6



Sample from Beam 8
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-

7H115{14 15kV 23X WD3V

6/24/14 14KV 23X VD38
Sample from Beam 10
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6/16/14 12kV 30X WD38 —— 900 pm ——
Sample from Beam 11

7/23/14 13kV 20X WD37
Sample from Beam 12
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!

5122{14 12kV 20X WD12 —1 mm—

Sample from Beam 13

g

6/26/14 14kV 23X WWD39

Sample from Beam 14
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14kV 23X
Sample from Beam 15

F e <

61914 12kVY ZSX WD36

Sample from Beam 16
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Porosity Percentage per Sample

Sample #
1 2 3 4 3 6 7 3 9
1 2.82 1.89 2.92 2.08 3.18 2.36 1.38 1.15 2.54
2 1.67 3.13 1.60 2.12 2.18 4.00 2.02 1.69 3.38
3 0.02 0.02 0.11 0.02 0.04 0.01 0.04 0.00 0.02
4 1.20 0.98 1.54 2.07 1.28 1.59 1.04 2.69 2.83
5 0.01 0.02 0.01 0.02 0.01 0.03 0.01 0.01 0.04
6 1.36 1.68 2.85 1.64 1.75 6.19 2.31 5.68 2.39
7 1.32 2.75 1.07 2.72 1.47 1.93 1.85 2.43 1.67
Beam # 3 2.00 2.14 2.93 2.49 4.79 2.49 1.63 1.32 2.02
9 0.01 0.06 0.20 0.03 0.00 0.07 0.03 0.10 0.15
10 1.75 2.55 1.13 1.92 1.74 2.00 1.54 1.21 1.58
11 0.20 0.05 0.30 0.03 0.03 0.02 0.04 0.03 0.03
12 0.06 0.02 0.01 0.01 0.01 0.00 0.02 0.03 0.03
13 0.03 0.03 0.03 0.04 0.05 0.05 0.07 0.08 0.03
14 1.78 2.00 1.16 2.57 2.99 2.65 1.34 1.40 1.78
15 0.01 0.02 0.12 0.05 0.07 0.03 0.03 0.14 0.05
16 6.57 0.08 0.07 0.05 0.14 0.20 0.11 0.05 0.06




