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Abstract

Helicopter tail drive shafts are currently made with metal segmented shafts that are
connected with flexible couplings. These drive shafts need the flexible couplings to allow for
mis-alignment in the rear boom when, during flight, the rear boom flexes. To reduce weight
while transmitting torque under misalignment, flexible matrix composites (FMC) have been
proposed as a solution. Tube specimens have been made using filament winding in previous
work out of carbon fiber tow to form the reinforcement of the composite and polyurethane to
form the matrix of the composite. In this research, the possibility of making tube specimens
using vacuum assisted resin transfer molded (VARTM) was investigated. A mold was designed
and through basic knowledge of VARTM research was done to develop the best way to make
these specimens, using a combination of viscosity measurements of the resin being infused and
trial and error. Specimens were tested in tension, compression and the fiber, matrix and void
content was measured to be compared to the previously made filament wound parts made by
Sollenberger. These specimens were found to have lower properties than the previously tested
filament wound parts. However, after tests to calculate the percent composition of the VARTM
parts were performed, it was found that the parts had less reinforcement and more voids that the
filament wound parts. Classical laminated plate theory for composites was then used to
determine the percent decrease due to the waviness of the samples.

i

Table of Contents
Table of Figures ............................................................................................................................. iv
Table of Tables ............................................................................................................................ viii
Acknowledgments.......................................................................................................................... ix
Chapter 1: Introduction ................................................................................................................... 1
Chapter 2: Mold Design ................................................................................................................ 20
Chapter 3: Procedure..................................................................................................................... 24
Chapter 3.1: Viscosity............................................................................................................... 24
Chapter 3.2: Making a Specimen .............................................................................................. 26
Chapter 3.3: Matrix Digestion Testing ..................................................................................... 42
Chapter 3.4: Compression Testing ............................................................................................ 44
Chapter 3.5: Tension Testing .................................................................................................... 46
Chapter 4: Calculations ................................................................................................................. 50
Chapter 4.1: Mold Modification Mathematical Justification .................................................... 50
Chapter 4.2: Matrix Digestion .................................................................................................. 51
Chapter 4.3: Mechanical Testing Calculations ......................................................................... 52
Chapter 4.4: Classical Laminated Plate Theory (CLPT) .......................................................... 54
Chapter 5: Results ......................................................................................................................... 60
Chapter 5.1: Mold Modification Mathematical Justification .................................................... 60

ii

Chapter 5.2: Viscosity............................................................................................................... 60
Chapter 5.3: Matrix Digestion .................................................................................................. 65
Chapter 5.4: Compression Tests ............................................................................................... 65
Chapter 5.5: Tension Tests ....................................................................................................... 69
Chapter 5.6: Classical Laminated Plate Theory (CLPT) .......................................................... 71
Chapter 6: Conclusions ................................................................................................................. 76
Bibliography ................................................................................................................................. 79
Appendices .................................................................................................................................... 82
Appendix 1: Compression Stress Strain Curves ....................................................................... 82
Appendix 2: Tension Stress Strain Curves ............................................................................... 87

iii

Table of Figures

Figure 1: The experimental data shows an axial modulus less than that predicted by CLPT (Shan
and Bakis, 2005) ............................................................................................................................. 4
Figure 2: Misaligned shaft spin test stand (Shan and Bakis, 2005) ................................................ 6
Figure 3: Representative volume and coordinates for a unidirectional composite with uniform
waviness (Hsiao and Daniel, 1996) ................................................................................................ 8
Figure 4: Difference between two unidirectional layers and a woven layer (Hufenbach, 2005) . 10
Figure 5: Sources of weight savings when using FMC over traditional driveshaft samples
(Mayrides, 2005) ........................................................................................................................... 12
Figure 6: SCRIMP Manufacturing layup using High permeable distribution medium (Sun, 1998)
....................................................................................................................................................... 13
Figure 7: SCRIMP Molding with grooves in the core (Sun, 1998) .............................................. 14
Figure 8: Groove filling a pre-form with resin during infusion (Ni, 1998) .................................. 15
Figure 9: Resin front moving through the cross section of a part (Chen 2004)............................ 16
Figure 10: Theoretical modeling versus pictures of the resin front movement (Chen, 2004) ...... 17
Figure 11 Exploded view of molding components ....................................................................... 21
Figure 12: SolidWorks drawing showing mold modifications ..................................................... 22
Figure 13: Photo of the modified mold ......................................................................................... 23
Figure 14: Viscometer set up after waiting with the resin in the oven ......................................... 25
Figure 15: Viscometer water bath testing set up ........................................................................... 26
Figure 16: Release applied to the mold to prevent parts sticking to the mandrel ......................... 28
Figure 17: ±20 braded pre-form being stretched onto the mandrel .............................................. 29
iv

Figure 18: ±60 degree pre-form being slid on a mandrel ............................................................. 29
Figure 19: The pre form over the mandrel was slid into the outer mold ...................................... 30
Figure 20: Applying Teflon Pipe compound to the mold ............................................................. 31
Figure 21: Pipe compound used to eliminate the leaks................................................................. 32
Figure 22: End cap is threaded over the end of the mold ............................................................. 33
Figure 23: Resin cup inside the degassing chamber ..................................................................... 35
Figure 24: Mold in the oven showing the resin inlet end ............................................................. 36
Figure 25: molding set up with the mold inside of the oven ........................................................ 36
Figure 26: Vacuum gage showing -29 inches of mercury at resin inlet end................................. 37
Figure 27: The mold is placed into the oven to cure..................................................................... 39
Figure 28: The resin rich end that must be cut off to remove the part .......................................... 40
Figure 29: Mandrel pulling station ............................................................................................... 41
Figure 30: Final part after removing the mandrel ......................................................................... 41
Figure 31: Matrix digestion set up ................................................................................................ 43
Figure 32: Specimen in solder mount compression fixture .......................................................... 45
Figure 33: Extensometers on the part to measure the strain ......................................................... 46
Figure 34: The epoxy from Devcon used to cement specimens in the tension grips .................... 48
Figure 35: Tensile specimen with bonded grips and pull rods ..................................................... 48
Figure 36: Testing set up for tension ............................................................................................ 49
Figure 37: Structural (x-y) and principal (1-2) coordinate systems (Sollenberger, 2010)............ 55
Figure 38: The viscosity versus time and the temperature versus time of the resin sample after 10
minutes in 100˚C oven .................................................................................................................. 61

v

Figure 39: The viscosity versus time and the temperature versus time of the resin sample after 20
minutes in 100˚C oven .................................................................................................................. 62
Figure 40: The viscosity versus time and the temperature versus time of the resin sample held in
a 60˚C water bath .......................................................................................................................... 63
Figure 41: The viscosity versus time and the temperature versus time of the resin sample held in
an 80˚C water bath ........................................................................................................................ 63
Figure 42: Viscosity versus time for all four viscosity tests ......................................................... 64
Figure 43: Stress strain curves for the different specimens with different fiber angles ............... 66
Figure 44: Modulus versus fiber angle for compression compared with previous work.............. 67
Figure 45: Ultimate stress versus the fiber angle of specimens in compression .......................... 68
Figure 46: Tension test stress strain curves .................................................................................. 69
Figure 47: Modulus compared to the previous filament wound data ........................................... 70
Figure 48: ±20 MM specimen 1 compression .............................................................................. 82
Figure 49: ±20 MM specimen 2 compression .............................................................................. 83
Figure 50: ±30 specimen 1 compression ...................................................................................... 83
Figure 51: ±30 specimen 2 compression ...................................................................................... 84
Figure 52: ±45 Specimen 1 compression ...................................................................................... 84
Figure 53: ±45 specimen 2 compression ...................................................................................... 85
Figure 54: ±60 MM Specimen 1 compression .............................................................................. 85
Figure 55: ±60 MM specimen 2 compression .............................................................................. 86
Figure 56: ±20 MM Specimen 1 tension ...................................................................................... 87
Figure 57: ±20 MM specimen 2 tension ....................................................................................... 88
Figure 58: ±30 specimen 1 tension ............................................................................................... 88

vi

Figure 59: ±45 specimen 1 tension ............................................................................................... 89
Figure 60: ±45 specimen 2 tension ............................................................................................... 89
Figure 61: ±60 MM specimen 1 Tension ...................................................................................... 90
Figure 62: ±60 MM specimen 2 tension ....................................................................................... 90

vii

Table of Tables

Table 1: Braiding specifications for the different pre-form angles............................................... 19
Table 2: Results from the matrix digestions tests: Volume fraction of fibers, matrix and voids in
percents ......................................................................................................................................... 65
Table 3: Fiber angle and modulus of braded and filament wound specimens in compression .... 67
Table 4: Fiber angle and ultimate stress of braded specimens...................................................... 68
Table 5: Fiber angle and modulus of braded and filament wound specimens in tension ............. 70
Table 6: Fiber properties (Daniel, 2006)....................................................................................... 71
Table 7: Reduced Matrix Modulus Values for the Various Specimens........................................ 72
Table 8: theoretical based on series and parallel spring model .................................................... 72
Table 9: Sollenberger back calculated modulus in compression .................................................. 73
Table 10: Back calculated modulus for braided specimens in compression ................................ 74
Table 11: Sollenberger back calculated modulus in tension ......................................................... 74
Table 12: Back calculated modulus for braided specimens in tension ......................................... 75

viii

Acknowledgments

A handful of people are thanked for making this work possible. Foremost I would like
to thank Dr. Bakis for the use of his lab and the equipment in his lab. Dr. Bakis also helped fund
the supplies that I used and provided me with guidance as I did different experiments and wrote
my thesis. I would like to thank Simon Miller for all the assistance that he provided in the
machine shop. I would like to thank Ye Zhu for her help with the acid digestion tests that I
performed. I am also grateful to for the guidance Todd Henry provided. Todd Henry taught me
how to mix resin and helped me become acquainted with the composite lab. I would like to thank
Steve Smith for teaching me how to do compression and tension testing. I want to thank Ardell
Hosterman for his assistance in the machine shop. I would like to also thank Dwight Miller for
his assistance machining the original mold design. I want to also acknowledge Dr. Juska and the
Penn State ARL for making the mold modifications. Daniel Hakman is thanked for his aid when
writing the programming code for CLPT calculations. I would like to thank Katherine Halapy for
her help proof reading my thesis. Harish Chandra and Ian Laskowitz from the Chemtura
Corporation are thanked for providing some materials for this research on a free sample basis.
Finally A&P Technologies is thanked for its donation of fiber pre-forms.

ix

Chapter 1: Introduction

Traditional rotorcraft drive shafts are made of either steel or aluminum segments with
flexible joints that connect the segments. The reason for the segmentation is that misalignment in
the drive train occurs during the flight of the rotorcraft. While the drive shaft rotates, it would
cause fatigue failure as the edges of the drive shaft stretch and compress. However these
couplings make the driveline heavy and maintenance intensive. To solve both of these issues,
while still being able to apply the amount of torque needed to drive the wheels or propeller of the
machine, flexible matrix composite drive shafts are being researched.
A composite material is one in which two different materials are mixed together on the
microscopic scale to take advantage of the best qualities of both materials. The two components
of a composite are called the reinforcement and the matrix. In general the reinforcement has
higher strength properties while the matrix supports the reinforcement. The materials used and
the way they are used together makes for an almost infinite amount of possibilities.
Ceramic and metal composites are avoided for this particular application because they
are not flexible and will not allow the removal of the coupling joints in the drive shaft system. A
polymer matrix composite system will be the best, giving the flexible properties necessary for
the driveshaft without using couplings. In an effort to reduce weight but to have high strength the
best reinforcements to use would be carbon fibers, having a lower density and higher strength
than glass and higher compressive strength than aramid fibers.
Flexible matrix composites (FMC) are being investigated instead of rigid matrix
composites (RMC). As discussed further later in this document, the FMCs have an advantage
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over RMCs because when the RMCs are bent they will overheat while spinning. This selfheating can degrade the matrix material and lead to premature failure in RMC composite drive
shafts where FMC drive shafts do not self-heat nearly as much. Over the past 30 years this form
of transmitting torsional power has been explored experimentally using different materials as
well as ways to manufacture the drive shafts along with theoretical modeling based on the
classical laminated plate theory (CLPT).
Hannibal and Avila (1980) examined the benefits of using an FMC rather than an RMC.
It was found that S2-glass reinforcement with urethane matrix performed significantly better than
a similar S2 glass and epoxy matrix driveshaft when subjected to oscillating torque and
misalignment at the same time. The reason that the FMC performed better was because it was
more flexible and was more able to stand up to the inevitable misalignment of the driveline. The
FMC is a better choice than the currently used driveline system because it eliminates the
couplings that are needed to compensate for the misalignment in the system.
Drive shafts were then constructed and tested on an automobile, the Datsun 510. The car
underwent 4 different real-world tests to see how the FMC would compare to the traditional
driveline. The car was first accelerated from stop. During the second test the car was driven
down a bumpy dirt road at 40 mph. The third trial was to drive the car on a steep dip at 50 mph
and finally to traverse a railroad crossing at 30 mph.
Ultimately it was concluded that the drive shaft that Hannibal made was not the optimum
drive shaft because they did not meet all of the material property requirements. Because the
driveshaft was overdesigned for maximum fatigue life, a better natural frequency could be
attained. Hannibal’s design could work for applications with slower rotation speeds. However,
he hypothesized that different materials could be used to make a composite to improve the
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material properties making the drive shafts better for the application. Eventually carbon fibers
began to be used to improve on the ideas of Hannibal and Avila.
Shan and Bakis (2005) found the benefits of using an FMC drive shaft for a helicopter
rear rotor driveshaft over other driveshaft systems. They made specimens using carbon fibers and
a polyurethane matrix. These specimens were then tested in compression and in torsion to
evaluate their performance in both quasi static and dynamic tests. The great benefit of the FMC
is that it was able to handle misalignment during rotation. The current system uses multiple
segments; however, the FMC can be one continuous driveshaft and be a “flexural-compliant, yet
torsionally-stiff composite”
An issue arises during the misalignment of the driveshaft. The bending of the driveshaft
causes the part to self heat. This self heating could potentially degrade the matrix of the
composite drive shaft. Shan and Bakis examined the prediction that all of the stress and strain
energy is a sum of the loss in the fiber direction the transverse direction as well as in the shear
direction.
Specimens were made of two layers or either ±15, ±45 or ±75degrees filament wound on
a 19.8 mm mandrel. The angles of the two layers are measured from the axial direction. The
parts were then tested and an extensometer was used to measure the strain of the parts while the
force was recorded to obtain a stress strain curve for the specimens.
Most of the specimens failed around the grip area of the tubes. Because the Poisson’s
ratio of the tubes under tension and compression is very high, the tubes bulged in these areas.
Because the grips are fixed while the rest of the sample is free to expand or contract under the
high Poisson’s ratio, failure occurred in these areas.
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The classical lamination theory over predicts the axial modulus of the material. During
testing, modulus values were found to be lower than the predicted values by the Classical
Lamination Plate Theory (CLPT) for all angles, shown in Figure 1. This may be because the
theory is based on layers of perfectly aligned angled fibers, not of woven fibers. CLPT is based
on the sequential stacking of unidirectional layers stacked on top of one another. Because
filament wound parts are wrapped around a mandrel the layers are wrapped over and under one
another. This over and under undulations could cause weaknesses due to waviness in the part and
will be examined further later.

Figure 1: The experimental data shows an axial modulus less than that predicted by CLPT (Shan
and Bakis, 2005)

In conclusion the FMC tubes performed better than the epoxy and carbon composites
(RMC) because when under misalignment the driveshaft specimens did not self-heat as much at
the RMCs.
4

The self-heating behavior of the FMC drive shaft was characterized by comparing the
FMC model to the RMC model. It is first assumed that all the energy that is stored form
dampening and misalignment is converted to heat. From this it was found that there is more selfheating in the rigid drive shafts than in FMC drive shafts.
FMC drive shafts are still susceptible to high self-heating because of high strains during
misalignment and as a result Shan and Bakis modeled the self-heating under bending, during
misalignment of a shaft specimen. An iterative model was utilized as a function of the
misalignment stress and the rotational speed to model the self-heating of the driveshaft specimen.
An experimental test station was set up validate the numerical model. The testing set up is seen
in Figure 2. An extensometer was used to measure the actual strain on the part while an infrared
tachometer was used to monitor the shaft rotation speed.
Even though the FMC internal damping is almost ten times higher than that of the RMC,
the self-heating in the FMC shaft is less than that of the RMC shaft. This is because the
dissipated strain energy during cyclic loading is governed by the material stiffness as well as the
material damping properties. If the right materials and fiber orientation were to be chosen then
the self-heating due to internal damping in FMC could become insignificant. Ultimately the
FMCs has cycles to failure of 5 orders of magnitude more that RMC. This explains why FMCs
are being considered in this research.
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Figure 2: Misaligned shaft spin test stand (Shan and Bakis, 2005)

Lo and Gottenberg (1982) used computer simulations in an attempt to design the best
solution for a driveshaft based on layer thickness, fiber orientation and number of layers. The
computer simulation found the optimum design for a driveshaft under normal operation, where
there was no failure due to the normally expected stresses within any layer, the torque does not
lead to local buckling, and it operates at the application speed.
All of the properties of the driveshaft including the strength and modulus as well as
internal heating were all dependent on the material characteristics, including the fiber direction,
thickness, the type of material that is used. Because of this, different tradeoffs existed by
selecting one property over another. The simulation combined all of these different variables in
an attempt to find the best possible solution to optimize all of the specifications for the
application. Cost, weight, modulus, and Poisson’s ratio were all considered for design.
After the simulation was run, two different driveshaft test specimens were made to test
the theory and when the 5-10 percent voids are calculated into the simulations the experimental
6

and the theoretical results agreed. It was found that the most efficient driveshaft that has all of
the desired properties is one with different fiber materials in the different layers at different
angles.
As discussed before, the properties of tested sample of filament wound parts were found
to be less than the predicted values using CLPT. This discrepancy is thought to be because of the
waviness of the fibers as they are wrapped over and under each other while being filament
wound.
Hsiao and Daniel (1996) found the impact that the three different kinds of waviness had
on the performance of composites; uniform, graded and localized waviness. Waviness in a
composite can come from stresses due to winding or residual stresses during the curing process.
The effects of the three types of waviness on strength and stiffness were found by
comparing analytical predictions and experimental tests. For the analytical calculations, a small
volume of representative waviness was taken using a sinusoidal representation then integrated
over the length of the wave to find the effect of the waviness. This small representation is shown
in Figure 3. The waviness is assumed to be zero at the inner and outer surfaces of the laminate
and decay from the center which is the maximum. By understanding the effect that waviness has
on composites, the reasons for the experimental and theoretical differences could be better
understood.
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Figure 3: Representative volume and coordinates for a unidirectional composite with uniform
waviness (Hsiao and Daniel, 1996)

After the experiments were completed it was found that there was a 42% reduction in
modulus in uniform waviness while a 6% reduction in modulus and 30% reduction in
compressive strength for gradient waviness. This experimental data was in agreement with the
theoretical data that was proposed. It was also found that as the waviness increased the properties
decease.
Interlaminar shear stresses were found to be the failure mode under compression and
delamination, or separation of individual plies occurs in the wavy layer, which lowers the
strength caused by local buckling. It was also noted that effects of waviness are worse in carbon
fiber composites than glass fiber composites because glass has isotropic material properties while
8

carbon fibers do not. The transverse modulus of carbon fibers is much less than the axial
modulus and in a woven fiber this lower transverse modulus greatly reduce the overall modulus
of the laminate.
Hufenbach (2005) found the differences in the properties of a composite made from
woven plies versus the traditional filament wound manufacturing of a driveshaft. Samples were
made by adding a cylindrically woven tube of glass fibers slid over a mandrel, then painting on
the resin over this weave. A layer of glass fibers was then wrapped over the resin and woven
layers. This process was alternated until the part had the desired thickness. The part was shrunk
wrapped to remove voids as well as any excess resin accumulated during the painting process.
The part was finally wrapped with breathable release fabric. Wrapping with breathable release
fabric was the best method for creating a degassed part and removing the excess resin. For the
theoretical modeling the part was modeled as a woven part and not as multiple layers of
opposing orientation stacked on top of one another. The difference between layers of
unidirectional plys and a woven layer can be seen in Figure 4.
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Figure 4: Difference between two unidirectional layers and a woven layer (Hufenbach, 2005)

The experimental tests of tension and compression show the complicated failure modes
of the woven composite. To achieve this testing the parts were tested using compression and
internal pressure to find the different modes of failure of the composite. The tests were verified
and modeled by a finite elements representation.
Bryan Mayrides (2005) analyzed the benefits of using an FMC as a helicopter drive shaft.
Finite element analysis was used to simulate the bending of the tail boom of a helicopter and the
design requirements for torque natural frequencies and torque buckling.
Then the laminate parameters were chosen such as number of plies, ply sequences, and
number of mid-span bearings, to provide minimum weight while satisfying system performance
requirements. FMCs were considered as opposed to RMCs, which have higher strength, because
FMCs are an order of magnitude higher in strain failure than RMC as discussed previously.
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Because of this the RMC sill needed bearings so the weight was not reduced as much as it could
possibly be.
For the first design concept most of the dimensions were kept the same as the current
drive shaft to avoid redesigning the components of the driveline that connect to the driveshaft.
These dimensions include the length of the drive shaft and the outer dimension. Variables were
the stacking sequences, the ply orientation as well as the number of mid span bearings.
During the second design attempt the outer diameter of the drive line was also allowed to
vary. To compare the weight savings while allowing the OD of the drive shaft to vary the weight
reduction was found by also varying the OD of the currently used metal drive shafts.
To make sure that FMCs were the best option, Mayrides found the optimum aluminum
driveshaft and RMC drive shaft. Neither of these resulted in a significant weight reduction.
Approximately 1 kg was reduced for each type of material in both of the other drivelines, 3.3
percent reduction for Blackhawk and 1.6 percent for Chinook.
Using an FMC greatly reduced the weight of the drive shaft system. Figure 5 shows
where the weight reductions came from in his optimization model. Ultimately, during the
optimization of the drive shaft, not enough of a change was seen to justify changing everything
about the drive line to accommodate the OD changes and the increase in performance of more
than two different angle fiber layers did not warrant the added complexity of more than two
layers
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Figure 5: Sources of weight savings when using FMC over traditional driveshaft samples
(Mayrides, 2005)

Many of the composite drive shafts and tube specimens that have been discussed so far
have implemented the filament winding method of creating composites, where the reinforcement
is dipped into the resin that will create the matrix and is then wound onto a mandrel. However,
there is another common method of making composites called Resin Transfer Molding (RTM).
This method usually involves a molding cavity that has the shape of the part. The cavity is filled
with reinforcement, usually layered fibers, and the resin, which will make up the matrix, is
transferred into the empty space in the cavity. This transfer of resin is either accomplished by
positive pressure pushing the resin into the mold, or drawing a vacuum on the mold to draw the
resin into the mold, or a combination of the two.
When molding a composite using vacuum assisted resin transfer molding (VARTM), to
allow the resin to flow into the part easily, a permeable distribution medium is used. This allows
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the resin to flow along the distribution medium easily, then by capillary action fill through the
thickness of the part. A vacuum bag is placed over the distribution medium and taped in place.
Inlets are added where the resin enters the mold and outlets are added for the vacuum to be
connected. Mold temperature is generally closely monitored to control the viscosity of the resin.
Voids can be formed in what are called islands, where pockets of air are left in the part and large
voids occur. Because of this, understanding how the resin front moves through the distribution
medium and the part is important.
Sun (1998) analyzed the flow rates through the distribution medium during VARTM
molding. Using Darcy’s law and a three dimensional control volume and finite element model,
Sun was able to characterize what would happen during the manufacturing process. There are
two different ways to perform SCRIMP (Seemann Composites Resin Infusion Molding Process)
which is a type of VARTM molding process where a core is used in the part. The part can be
made by either using a distribution medium or the part can be made by adding grooves in the
molding surface of the core. These groves add the same affect that the distribution medium
would, allowing the resin to flow through the length of the part quickly then infusing the part
through the thickness. The analysis was done when using a high permeable distribution medium.
Figure 6 depicts the layup for this technique.

Figure 6: SCRIMP Manufacturing layup using High permeable distribution medium (Sun, 1998)
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Because SCRIMP is a fairly new technique most of the setup is done based on experience
or by trial and error. Sun analyzed the flow through a scrim mold using a 3D control volume and
finite element modeling to analyze molding using a high permeable medium.
Sun’s work was continued by Ni (1998), who modeled the resin infusion when using
groves placed in the core of the mold, as opposed to using a distribution medium. It was found
that more control over infusion could be achieved through the part versus using a distribution
medium. A specimen could be made without throwing away a distribution medium every time a
part was made in the mold. Because the grove’s depth and spacing could be controlled, the flow
rate could be controlled better than it could be when using a distribution medium. Also because a
groove is open space, a part could also be infused faster. The downside is that if a different resin
system is used a whole new mold would need to be made to change the groves. Figure 7 shows
the manufacturing layup for this type of SCRIMP molding. It is a cross sectional view of the
molding setup looking down the length of the grooves.

Figure 7: SCRIMP Molding with grooves in the core (Sun, 1998)
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Figure 8 shows how the resin front moved beyond the grooves in the core into the
reinforcement. Using Darcy’s principle, a control volume and finite element analysis, the resin
front movement was modeled.

Figure 8: Groove filling a pre-form with resin during infusion (Ni, 1998)

Cheng (2004) simulated the flow of resin in VARTM. This is necessary because
understanding how the composite part is filling through the VARTM process will allow
productivity to be increased as well as increase the quality of the parts being made. This incite
will allow the location of inlet ports and exit vacuum ports, fill time and mold temperature to be
properly chosen. Control volume and finite element model were generally used to model a
pressure distribution and figure out how the front would move, using a 2D model. However this
cannot be used for VARTM because the flow rates of the resin are different through the
distribution medium and the reinforcement fibers. For this reason a 3D model was used.
However, because of the high amount of computations needed for a 3D model done with finite
elements a new simulation technique was used, then validated using the 3D modeling technique.
Because the resin is drawn across the distribution medium, the resin only needs to flow through
15

the thickness of the composite part and not through the length. Because of this, resin could flow
too fast and skip over a large section and leave a large void. Figure 9 shows how the resin is very
easily drawn across the distribution medium and then, by capillary action, moves through the
thickness of the fiber pre-form.

Figure 9: Resin front moving through the cross section of a part (Chen 2004)

Because the pressure below the distribution medium decreased after the resin has flown
through it, the resin is then drawn through the width of the part. This action was modeled
knowing the permeability of both the distribution medium and the fiber reinforcement pre-form.
After the simulations were perfected, a full scale automobile hood was constructed. The
dimensions of the specimen were 92 cm wide by 130 cm long by 3 mm thick. This part was
simulated by varying the number and locations of resin and vacuum ports. After finding the
optimum configuration, the simulation was run and the actual part was made. In Figure 10,
images of the simulation are compared with pictures during the experimental manufacturing of
the part.
16

Figure 10: Theoretical modeling versus pictures of the resin front movement (Chen, 2004)

The research completed and discussed in this document used VARTM to make tube
specimens that could be tested in compression and tension. The mechanical properties of these
specimens were indirectly compared to filament wound specimens. The driving force for this
project was to ultimately investigate the compression after impact strength of the specimens. A
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major problem with any composite is that after damage the mechanical properties are greatly
reduced. The mechanical property reductions of the braded composites should be compared to
filament wound composites.
Another benefit of using VARTM is that fittings could be molded directly into the parts.
To transmit the torsional power of the driveline fittings must be used on the ends of the drive
shaft to convert the power from the engine to the drive shaft and finally from the driveshaft to the
application end, be it a rotorcraft propeller or wheels on a car. Currently in filament wound drive
shafts, fittings are glued and screwed in place. The holes drilled in the composite can introduce a
place for failure. By molding the end fittings in one step, manufacturing time can be reduced as
well as avoiding drilling holes in the composite.
To manufacture VARTM specimens, a mold was designed to hold a braded carbon fiber
perform so that a vacuum could draw the resin through the fibers to make a drive shaft sample.
The mold needed to have the proper dimensions to accommodate the perform and make the
desired parts. The mold design specifics are discussed in the mold design section of this
document.
As discussed previously FMCs are the best solution for the driveshaft application. To
compare to the FMC specimens that Sollenberger filament wound the same materials were used
in this research. The reinforcement for the specimens was braded 12K tow pan AS7 carbon fiber,
braded and donated by A&P Technologies, Cincinnati, OH. The braid specifications are in Table
1. ID is the inner diameter of the braid. PPI is the picks per inch, or the number of weft threads in
a weave per inch in length, and the machine size corresponds with the number of bobbins used to
braid the pre-form. The ply thickness is the thickness of the carbon fiber braided pre-form
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without matrix. The matrix was a polyurethane mixture of the pre-polymer Adiprene LF750D
and the diamine curative Caytur 31, both donated from Chemtura, Middlebury, CT.

Table 1: Braiding specifications for the different pre-form angles
Angle
20˚
30˚
45˚
60˚

ID (mm)
19.8
19.8
19.8
19.8

PPI
5.9
6.1
7.3
11.3

Areal Weight (g/m^2)
1094.4
771.8
654.4
822.7

Ply Thickness (in)
0.041
0.030
0.035
0.031

Machine Size
80
52
36
32

After the specimens were manufactured they were mechanically tested in compression
and tension. The volume fraction of the reinforcement, matrix and voids of the specimens were
calculated and using these testes the mechanical properties were compared with CLPT.

19

Chapter 2: Mold Design

The mold was designed to have an inner diameter of 19.8 mm (0.7795 in) and an outer
diameter of 22.22 mm (0.875 in). This was done in an attempt to replicate the specimens that
were being made by Stan Sollenberger, a former engineering mechanics graduate student at the
Pennsylvania State University. Sollenberger’s MS thesis, titled “Characterization and Modeling
of a Flexible Matrix Composite Material for Advanced Rotorcraft Drivelines” focused on
filament wound driveshafts. The mold size was chosen to make it easier to compare the VARTM
specimens with the filament wound specimens made by Sollenberger, in addition to being a snug
fit over the carbon fiber braided pre-form. The same mandrel used for filament winding was used
as the core of the mold and a one inch smooth boor pipe was used as the outer portion of the
mold. These two components gave the correct dimensions for the pre-form to fit into. End caps
were threaded onto the end of the mold. A ¼ inch hose fitting ¼ inch threaded fitting was
screwed into a ¼ inch to ¾ inches coupling which was threaded into a one inch to ¾ inch
reducer. These fittings allow the mold to be connected to hoses that supply resin on one side
while a hose drew vacuum on the other side. The mold assembly is shown as a three dimensional
drawing in Figure 11.
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Figure 11 Exploded view of molding components

Because some of the pre-forms would not fill completely (±60 and ±20 degree braded
pre-forms), axial groves were added to the mandrel to help increase the fill of the parts, making
the mandrel look like a spline shaft. These groves would help increase the resin fill (Ni, 1998).
The groves were machined 1/8 inches wide by 1/8 inches deep, into the mandrel. Four groves
were machined into the mandrel 90 degrees from one another, running lengthwise on the
mandrel, starting at the inlet end of the mandrel and ending two inches from the end of the
mandrel. The groves also gradually decreased in depth along the length of the mandrel ending at
1/16 inches deep. Because the grooves decreased in depth and stopped two inches from the end
of the mandrel, the resin was squeezed up through perform as the resin moved across the groves.
By adding this modification the resin only needed to travel through the thickness of the pre-form
and not through the entire length of the pre-form.
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Another change made to the mandrel was to make a chamfer on the leading edge of the
inlet side of the mandrel. This chamfer allows the pre-forms to be slid onto the mandrel easier.
The final change made to the mandrel was adding a drilled and tapped hole to the exit end of the
mandrel. This 5/16 inch, 18 threads per inch, hole allows a threaded eyebolt to be threaded into
the mandrel to ease in mandrel removal after a part is made. Figure 12 shows a drawing of the
mandrel changes while Figure 13 shows a photograph of the changes.

1/16” depth X 1/8” width

1/8” depth X 1/8” width

2 Inches

8 Inches

Figure 12: SolidWorks drawing showing mold modifications
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Figure 13: Photo of the modified mold
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Chapter 3: Procedure

Chapter 3.1: Viscosity

Because the parts with larger percent fiber volumes were not filling with resin through
the length of the part, it became important to understand exactly what was happening to the
viscosity at different temperatures. A viscometer was used to measure the viscosity of resin at
different temperatures and times. A viscometer uses a spindle placed into the liquid. The spindle
is spun by the machine and while it spins the resistance of the fluid on the spindle is measured
and calculated into a viscosity measurement. A DV-I Brookfield viscometer was used to measure
the viscosity of the resin.
The maximum viscosity range of a spindle running at a given speed is equal to the
spindle factor multiplied by 100. This is the full scale range for that spindle and speed
combination. The minimum viscosity that can be measured is equal to 10 times the factor, or one
tenth of the full scale range. In general larger spindles measure higher viscosities while smaller
spindles measure lower viscosities. If the viscosity of the material is changing during the test the
speed could be changed during the test to bring the viscosity back into the measurable range. For
this reason the middle sized spindle was used allowing for the most range. As the viscosity
changed the speed could be increased or decreased to measure the viscosity.
Two different types of experiments were conducted. One in which the resin was mixed
and degassed, by the procedure described later, and placed in an oven set at 212˚F for a set
amount of time then removed from the oven. The viscosity of the resin was measured as the resin
cooled after being removed from the oven and held at room temperature. This experimental set
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up investigated how the resin heated up in the oven and how the viscosity was effected by
cooling down while being held at room temperature after heating. This set up can be seen in
Figure 14.

Figure 14: Viscometer set up after waiting with the resin in the oven

In the second experiment the resin was mixed and degassed and was then put into a water
bath at a set temperature. The set up for this set of experiments is pictured in Figure 15. A small
plastic cup was used to hold the resin and placed in a larger steal cup that contained the water.
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The temperature of the water bath was controlled while the temperature of the resin was recorded
as it increased as well as the viscosity of the resin versus time.

Figure 15: Viscometer water bath testing set up

Chapter 3.2: Making a Specimen
To make a specimen, ultimately the mold had to be around the pre-form and a vacuum
drew the resin through the mold and over the pre-form. Then the part was cured in an oven and
finally removed from the mold.
The mold was first cleaned by taking a small piece of 100 grits per in2 sand paper and
scratching the mandrel in the axial direction. This allowed the part to be removed easier from the
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mandrel once the part is made. A small white paper towel was dampened with acetone to wipe
the mandrel clean. The mandrel was wiped with new paper towels until the paper towel was
clean after a wipe. The inside of the outer mold was cleaned by dampening a white paper towel
with acetone and pressing it through the outer mold using a coat hanger. This process was also
continued until the paper towel came out of the molding surface clean.
The mold was then lubricated so that it did not stick to the polyurethane matrix of the
final part after the matrix was cured. The mandrel was threaded on a 5/16 inch, 18 threads per
inch, spindle so that it could be held while it was coated with mold release. The mandrel was
coated liberally to deposit a film of mold release on the entire mandrel. The outer portion of the
mold was sprayed down inside of the mold ensuring that the entire inside was released and
would not stick to the molded part. The molding release from Mann Release Technologies is
seen in Figure 16. It is in an aerosol can that contains a silicone releasing agent. The mold
components were then placed in the oven at 50 degrees Celsius (120 degrees Fahrenheit) to help
evaporate any water and cook on the release. This process is done at least twice. This was so that
the dried release would shear with itself and allow for easy removal of the parts from the mold.
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Figure 16: Release applied to the mold to prevent parts sticking to the mandrel

While the mold components were preheating, the container with the polymer (LF750)
was placed into the oven at 50 ºC. This lowered the viscosity slightly so that it could be poured
into the mixing cup, allowing the resin and curative to mix together easily.
The mold components were then pulled out of the oven and the carbon fiber pre-form
was slid over the mandrel. This process varied for the different fiber angles. The ±60 and ±45
degree fiber angles need to be “scrunched” up in order to slide the pre-form over the mandrel as
seen in Figure 16. The ±30 and ± 20 degree angle fibers needed to be stretched to fit the mandrel.
In the case of the ±20 degree braded fibers they actually needed pulled with a machine to make it
tight enough on the mandrel which is seen in Figure 17 while the ±60 degree pre-form is slid
onto the mandrel in Figure 18.
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Figure 17: ±20 braded pre-form being stretched onto the mandrel

Figure 18: ±60 degree pre-form being slid on a mandrel
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Once the pre-form was pulled over the length of the mandrel, one end was fastened with
a zip tie to keep it in place. The pre-form was pulled tight across the length of the mandrel then
fastened at the other end with another zip tie. Figure 19 shows how the pre-form was carefully
slid with the mandrel inside into the outer portion of the mold. The drilled and tapped end of the
mandrel faced away from the inlet end of the mold where the resin enters the mold. If this was
not done, the drilled and tapped hole would have filled up with resin and made it challenging to
remove the part.

Figure 19: The pre form over the mandrel was slid into the outer mold
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To keep a leak from occurring where the end caps are slid over the mold, the mold and
end caps were threaded. If a good seal was not achieved the vacuum would draw in air here,
which would have lowered the vacuum inside the mold increasing the time it took to fill the
mold, as well as increasing the void content of the final part. Additionally when the mold was
placed into the oven, resin could have escaped from small leaks where the components came
together. To further reduce the chance that a leak would not start at one of the threads teflon
filled pipe compound, Great White Pipe Joint Compound, from Oatey, located in Cleveland,
Ohio, was used on the threads to seal the interface. This application is seen in Figure 20 and
Figure 21. Also a vacuum gage was purchased to check the vacuum at the resin inlet of the
molding set up as a means to check for any leaks. When there were no leaks the vacuum gage
read around -29 inches of mercury. This is seen in Figure 27.

Figure 20: Applying Teflon Pipe compound to the mold
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Figure 21: Pipe compound used to eliminate the leaks

The end caps are threaded on in Figure 22. The end fittings had 1/4 inch hose fittings on
the ends that connected to the 1/4 inch hose that carried the resin to and from the mold. The
assembled mold was placed into the oven at 60 ºC. The heated mold helped lower the viscosity
of the resin to increase the flow of the resin into the part. The reason as to why 60 ºC was chosen
is discussed in the viscosity results section.
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Figure 22: End cap is threaded over the end of the mold

Once the pre-polymer (LF750) was preheated to 50 º C it was removed from the oven.
The curative (Caytur 31) was mixed vigorously before combining with the LF750 pre-polymer.
A new canister of curative that has never been mixed should be rolled on mixing rollers for 24
hours before use. Curative that has recently been used can simply be shaken thoroughly for a few
minutes. The curative would separate while it sat on the shelf and would not make the correct
final resin mixture if it was not mixed thoroughly. The resin ratio was mixed, by mass, at a
mixture that consisted of 100 grams of polymer for every 50.3 grams of curative. A volumetric
cup was placed on a triple beam balance and zeroed with the cup on the balance. The best
approach for pouring the pre-polymer and the curative into the cup was to make a single batch of
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150.3 grams. The triple beam balance was set to 80 grams and the pre-polymer was poured into
the cup. The flow of polymer was stopped when the needle of the balance began to move. The
balance was then moved up to 100 grams. The polymer was poured in slower until the needle
began to move.
The triple beam balance was then changed to 150.3 grams. Using a 20 cc syringe the
curative was transferred from the large container to the volumetric measuring cup. This was
continued until there was a total of 150.3 grams in the volumetric cup. Any remaining curative
was squeezed back into the curative canister and the syringe was disposed. Using a small stir
stick the two components were combined together to make the resin mixture. The two
components were mixed thoroughly by scraping the sides of the cup and the bottom to
completely combine the components.
Before the polymer and curative containers were placed back on the nitrogen was blown
into the containers to replace the air in the container. This was so the reaction with the air in the
container would not begin curing either of the two constituents.
The resin mixture contained a lot of small bubbles of air that were either from the air in
the two components before they were mixed or were introduced during the stirring process.
These small pockets of air would result in voids in the final part which would lower the
mechanical properties of the final parts. The resin was degassed to remove this unwanted air
from the mixture. The cup containing the resin was placed into a vacuum chamber and the
chamber was then drained of air. Figure 23 shows a picture of the degassing chamber. The resin
began to degas around -25 inches of mercury. The resin was degassed for at least 15 min which
brought the chamber to -30 inches of mercury until all of the bubbles were drawn out of the resin
mixture.
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Figure 23: Resin cup inside the degassing chamber

After the vacuum drew the gas out of the resin, the cup of resin was placed into a water
bath at 60 ºC to lower its viscosity so it will transfer through the mold. The mold system was set
up by connecting the tube from the resin to the mold inlet side, then another tube was attached
from the other side of the mold to the resin catch pot. The resin catch pot was added so when the
resin starts flowing out of the exit side of the mold no resin would get into the vacuum and
damage it. The entire transfer was done in an oven at 60 ºC .The resin transfer system set up can
be seen in Figure 24 and Figure 25.
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Resin Inlet End

Figure 24: Mold in the oven showing the resin inlet end

Resin Catch Pot

Vacuum
(Mold)
Figure 25: molding set up with the mold inside of the oven
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At first a valve was used to reduce voids in the specimens. By letting the vacuum draw on
the mold with the valve shut it drew all of the air out of the mold before any resin was
introduced. After a few minutes the valve was then opened slowly to allow the resin to flow up
into the tub. Once it reached the other side of the valve the valve was turned off again. This was
done to draw out the small volume of air introduced from the other side of the valve between the
resin and the valve. The valve was held off for another few minutes to let the vacuum draw out
this air then reopened to let the resin flow freely into the mold. Because cleaning valves was
tedious, and cheap valves that could be discarded became wasteful, the valve was substituted for
a pair of pliers. The pliers could squeeze the tube shut to allow the vacuum to draw air out of the
mold and could be opened to let the resin through the mold.
Before the resin was introduced to the mold, the mold was checked to make sure it had
full vacuum power and that there were no leaks in the mold. By adding a vacuum gage to the
inlet side of the mold where the resin would be connected to the mold, the vacuum could be
checked on the mold. In Figure 26 the vacuum gage is seen as reading -29 inches of mercury.

Figure 26: Vacuum gage showing -29 inches of mercury at resin inlet end
37

After the resin transfer system was set up, the vacuum was turned on and the vacuum
drew the resin through the mold while the pliers were used to control the flow. The resin was
drawn through the mold and would start to come out of the other side of the mold after
approximately 10 minutes on ±30 and ±45 degree braded parts. Parts made from the ±60 and ±20
degree braded pre-forms did not infuse properly and the mold needed redesigned which is
discussed further in the mold design section. With the mold redesigned, the resin still did not
come out the other side, but it did fill the part completely after 10 min of drawing vacuum The
vacuum was turned off when infusion was complete and the mold was removed from the set up.
The tubes that are now full of resin were left attached to the mold while in the oven curing. The
tubes were turned up so that the resin in the tubes did not flow out of the mold and create voids.
The curing process for the resin system was; two hours in the oven at 140 ˚C then the
oven was turned down to 100 ˚C for 16 hours. After the full 18 hour cure cycle, the mold was
removed from the oven and allowed to cool down. The mold is seen in the oven in Figure 27.
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Figure 27: The mold is placed into the oven to cure

After about an hour of cooling the part could be removed from the mold. Waiting this
time allowed the mandrel to cool and shrink away from the part which made removal from the
mold easier. The mold was clamped in a vice grip and a pair of pliers unthreaded the end caps
from the mold. A hammer then removed the part with the mandrel inside from the outer portion
of the mold. A saw and knife were used to cut the excess ends off of the outside of the mandrel
as seen in Figure 28, so that the treaded hole was exposed.
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Figure 28: The resin rich end that must be cut off to remove the part

If any resin was in the hole, it was carefully removed with a drill bit. The winch in the
mandrel pulling station removed the mandrel from the inside of the part as pictured in Figure 29.
This station utilized a steel block with a hole only big enough for the mandrel to fit through. An
eye bolt was screwed into the threaded hole while the winch pulled the mandrel through the hole
in the steel block. Because the hole was only big enough for the mandrel, the part was left on the
other side of the block while the mandrel is pulled through. Figure 30 shows a final part after
being removed from the mold.
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Figure 29: Mandrel pulling station

Figure 30: Final part after removing the mandrel
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A diamond abrasive saw was used to cut the parts into the proper test specimen sizes for
the different tests run. Compression specimens were cut to be three inches long and the tension
specimens were five inches long. The fiber angle and the date that it was made were clearly
marked on all specimens with a white paint pen. Acid digestion specimens were placed in a safe
container and the container was marked so that the paint pen would not ruin the specimens.

Chapter 3.3: Matrix Digestion Testing

To calculate the fiber volume, matrix volume and the void volume of the specimens that
were being tested, ASTM standard D 3171-09 Standard Test Methods for Constituent Content of
Composite Materials was used. This standard gives step by step instructions on how to use nitric
acid to remove the matrix of the sample and accurately measure the percent composition of
reinforcement, matrix, and voids. A photograph of the setup is seen in Figure 31 showing the
double boiler set up with condenser. (ASTM Standard, 2009)
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Figure 31: Matrix digestion set up
Specimens were cut into 1/4 in long tube samples to be used for acid digestion.
Specimens that were made with the modified mold, ±60 and ±20 degree pre-form parts, were cut
so that the matrix rich areas were not included in the measurements of the tests. Including these
areas in the test would have greatly over calculated the amount of matrix compared to the
amount of reinforcement.
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Chapter 3.4: Compression Testing

Specimens were tested in compression to find the modulus of elasticity and the ultimate
compressive strength of the VARTM braided parts at the different braid angles. These values
were compared to filament wound parts made and analyzed by Sollenberger. To test specimens
in compression the specimens were prepared by cutting the tubes into three inch long specimens
using a diamond abrasive saw. The rough edges made by the saw were filed down using 200
grits per in2 wet sandpaper. Once the specimens were cut to the desired size they were mounted
into compression grip fixtures. These fixtures consisted of a circular steel plate with a circular
groove cut into the plate. The groves were filled with solder. The steel plates were heated on a
hot plate until the solder became liquid. The steel plate was then removed from the hot plate and
placed on a steel surface to cool. Before the solder solidified a sample was placed into the solder
of the compression testing fixture as seen in Figure 32. Once the solder solidified the procedure
was repeated to place the compression fixture on the other side of the sample. The sample was
then checked to make sure that the fixtures were level using a two dimensional bubble level. If
the sample was in the fixtures level then it is ready to be tested in compression. If not the fixtures
were simply reheated and adjusted.
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Figure 32: Specimen in solder mount compression fixture

Figure 33 shows the final testing set up for compression. A 240-kip screw driven
universal testing machine was used to apply the load to the specimens. A hemispherical bearing
was used to prevent the introduction of unwanted bending moments into the specimen The top
pusher was bolted onto the top platen of the testing machine. Extensometers with 25.4-mm gage
length were mounted on opposite sides of the specimen to measure the strain of the specimens
during the tests. The knife edges of the extensometers were held against the specimen with
rubber bands. A data acquisition computer was used to read in the strain from the extensometers
and the load from the load frame to calculate the engineering stress versus strain. The specimen
was loaded until failure.
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Figure 33: Extensometers on the part to measure the strain

Chapter 3.5: Tension Testing

Parts were also tested in tension to also find the tensile modulus of elasticity of the
various tubes. Specimens were cut and sanded just like the compression tested specimens except
that the specimens were cut five inches long. This extra length was necessary for the tension tests
so that the extensometers could still fit on the part after it was fixed into the tension grips.
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The grips consist of a small steel cylinder that fits inside the sample and a larger cylinder
that fits around the sample. A 1/4-20 bolt is slid through the smaller cylinder and is screwed into
a pulling fixture that is clamped into the 240-kip screw driven universal testing machine and
pulled for the test.
The specimens were scuffed with 100 grits/in2 sand paper around the outside and inside,
starting from the ends extending to one inch up from the ends. The scuffs were made going
around the part which helped increase the surface area that the epoxy had to cling to. The epoxy
product “Plastic Welder” from the company Devcon located in Danvers, MA was used to bond
specimens to the tension test fixtures and is seen in Figure 34. The epoxy was then mixed and
applied to the inner and outer surfaces of the sample which was then slid into the fixture. The
specimens were then placed in an oven at 100˚C (212 ˚F) for ten hours to increase the strength of
the epoxy and speed up the curing process. The glued specimens are seen in Figure 35.
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Figure 34: The epoxy from Devcon used to cement specimens in the tension grips

Figure 35: Tensile specimen with bonded grips and pull rods
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After the parts came out of the oven and were allowed to cool they were tested in tension.
The tension grips on the specimens were held in wedge grips on the 240-kip load frame that
tighten and squeezed harder as the part was pulled on in tension. The testing set up is pictured in
Figure 36.

Figure 36: Testing set up for tension
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Chapter 4: Calculations

Chapter 4.1: Mold Modification Mathematical Justification

Because extra resin material was added to the sample where the grooves where cut into
the mandrel, the material that was added changed the results of the mechanical tests. Axial strain
is assumed to be unity, which assumes that the composite area and the matrix rich ribs deform
the same amount and have the same strain during a compressive or tension test. The parallel
spring model was used to find the percent change in the mechanical modulus. The force on the
composite Fc was calculated on the specimen by multiplying the modulus Ex found from the
mechanical tests by the area of the composite AC

(1)

The force on the composite with the matrix rich grooves, FC+M, is the force on the
composite area, FC, plus the force on the matrix rich area. This is calculated using the modulus
found by Sollenberger of the LF750 matrix material, EM, multiplied by the cross sectional area of
the grooves Am

(2)
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Ther percent change was found by subtracting the force on the composite, FC, from the
total force on the specimen, FC+M, devided by that total force multiplied by 100. This calculated
the increas of force on the specimen.

(3)

Chapter 4.2: Matrix Digestion

To measure the fiber, matrix and void fraction fist there are many measurement needed
for the calculations. Measure the mass of the part in air, mair, measure the mass of the wire stand
needed to submerge the part, ms, the mass of the specimen under water, mH2O, mass of the filter,
mf, and after the experiment the mass of the specimen and the filter, msf. It is known that the
density of AS4D, ρAS4D, is 1.79 g/cm2, the density of LF750 cured with Caytur 31, ρLF750, is
1.123 g/cm2 and the density of water at room temperature, ρH2O, is 0.9982 g/cm2.
The specific gravity of the composite is found using,

(4)

Then use the specific gravity of the composite to calculate the density of composite,

(5)
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The weight percent of fibers is found by

(6)

which is then used to calculate the volume percent of the fibers,

(7)

The weight percent of matrix is found using the equation,

(8)

which is then used to find the volume percent of the matrix,

(9)

Finally the volume percent voids can be found using,

(10)

Chapter 4.3: Mechanical Testing Calculations
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During the testing on the 240-kip screw driven universal testing machine , a data
acquisition computer read in the load that the 240-kip screw driven universal testing machine
applied as well as the displacement between the two blades on both of the extensometers at a rate
of 3 hertz. These values were then used to create a stress strain curve and modulus from the
curves. First the cross sectional area was calculated,

(

)

(11)

were A is the area in in2, ro is the outer radius of the sample measured in inches, and ri is the
inner radius of the sample also measured in inches. The engineering stress was then calculated
by,

(12)

where σ is the stress in psi on the sample calculated by dividing the force, F, in pounds read in
from the 240-kip screw driven universal testing machine by the cross sectional area of the part.
Stress was multiplied by 0.006894759086775 MPa/Psi. Engineering strain was then calculated
by,

(

)

(13)

where ε is the strain in in/in, Di is the initial distance between the two blades of the extensometer
and Dt is the distance between the two extensometer blades at time t.
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The stress was plotted as the dependent variable while strain was plotted as the independent
variable. A graph was plotted for both extensometers as well as the average of the two.
Modulus of elasticity, E, as well as a cord modulus, Ec, were both calculated for each
sample tested on the average stress strain curve where

(14)

by Hooke’s Law.
A best fit line was fit to the stress strain curve from 0 to 500 με and the slope was defined
as the initial tangent modulus. A chord was fit to the stress strain curve from 1000 to 3000 με
and the slope of that line was taken to be the chord modulus. Both the modulus and the chord
modulus were reported in GPa. In certain high stiffness tubes, only the initial tangent modulus
could be obtained due to load limitations of the tensile grips.

Chapter 4.4: Classical Laminated Plate Theory (CLPT)

Classical laminated plate theory is the theory that is used to predict composite material
properties by knowing the material properties of the constituents, how these materials interact
can be predicted using CLPT.
When a composite ply is made it will have two different coordinate systems, a principal
coordinate system and a structural coordinate system. The principal coordinate system (1-2) is
the coordinate system aligned with the direction of the fibers while the structural coordinate
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system (x-y) is in the direction of the stresses applied to the composite. This diagram is shown in
Figure 37.

Figure 37: Structural (x-y) and principal (1-2) coordinate systems (Sollenberger, 2010)

To calculate the properties of a single ply of a composite, the properties of the
reinforcement and the matrix must be combined together. In the direction of the fibers the
properties are added as though they are springs in series.
The parallel spring model gives the modulus of the composite in the fiber direction, E1,
where EF is the modulus of the fiber, VF is the volume fraction of the fiber, EM is the modulus of
the matrix and VM is the volume fraction of the matrix.

(15)
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The modulus of the composite in the matrix direction, E2, is calculated using the series
spring model where EF is the modulus of the fiber, VF is the volume fraction of the fiber, EM is
the modulus of the matrix and VM is the volume fraction of the matrix.

(16)

The shear modulus of the composite in the principal coordinate system G12 is calculated
the same way where GF is the shear modulus of the fiber, VF is the volume fraction of the fiber,
GM is the shear modulus of the matrix and VM is the volume fraction of the matrix.

(17)

The stress can be related to the strain in the 1-2 coordinate system by multiplying the
stress by the compliance matrix, S, to get the strain matrix.

[

]

[ ][

]

(18)

The compliance matrix is populated with material properties found from the composite in
the principle coordinate system,
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(19)
[

were

]

is the modulus of the composite in the fiber direction,

transverse direction,

is the poisons ratio and

is the modulus in the

is the shear modulus. The inverse of the

compliance matrix is taken to get the stiffness matrix Q.

(20)

To convert from the 1-2 coordinate system to the x-y coordinate system a transformation
matrix is constructed to incorporate the angle that the x-y coordinates differ from the 1-2
coordinates it is

,

[

(

)

]

(21)

where m and n are,

(22)
(23)

and θ is the angle between the principle and structural system.
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To correctly convert the shear strain from the 1-2 direction to the x-y direction the matrix
R,

[

]

(24)

is needed. These matrixes can all be combined into the expression to find the completely
transformed stiffness matrix ̅ ,

̅

[ ] [ ][ ][ ][ ]

(25)

where ̅ relates the stress and the strain in the x-y coordinate system. ̅ multiplied by the strain
in the x-y coordinate system will produce the stress matrix,

[

̅[

]

]

(26)

N and M are 3x1 matrixes where N is the force per unit length and M is the moment per unit
thickness. ε is the strain matrix while κ is the curvature matrix at the mid-plane of the composite.

[ ]

[

][ ]

(27)

The A, B and D matrixes are calculated by the summations,
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∑

[ ̅ ](

)

(28)

∑

[ ̅ ](

)

(29)

∑

[ ̅ ](

)

(30)

where L is one more than the number of plies in the composite and

is the Kth interface

between the plies of the laminate, including both surfaces of the composite. The inverse of the
ABD matrix constructs the abcd matrix which relates the strain and curvature with the M and N
matrixes

[ ]

[

The modulus in the composite in the x direction is

][ ]

(31)

,

(32)

where the thickness of the composite is h and a11 is the value in the 1,1 position of the a matrix.
.
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Chapter 5: Results

Chapter 5.1: Mold Modification Mathematical Justification

The percent increase due to the addition of the resin rich areas made from the mold
modifications was calculated as described previously. The percent increase of the axial modulus
of the ±60 degree angle parts was found to be 6.1 percent. The percent increase of the axial
modulus of the ±20 degree specimens was found to be zero percent even out to the tenth
significant digit past the decimal point. This is determined to be within the error and variations of
the mechanical tests.

Chapter 5.2: Viscosity

As described in the procedure section two specimens were placed in an oven for a set
amount of time and then pulled out and the viscosity was checked as it cooled down. Other
specimens were held in a water bath while the viscosity was measured.
Figure 38 shows the curves for the resin sample at room temperature that was place in a
100˚C oven for 10 min. on the left the viscosity is the dependent variable while on the right the
temperature is the dependent variable. Both the viscosity and temperature were graphed versus
time.
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Figure 38: The viscosity versus time and the temperature versus time of the resin sample after 10
minutes in 100˚C oven

The same experiment was also done for a resin sample that was placed into a 100˚C oven
starting at room temperature for 20 min. Figure 39 shows the graphical representations of the
viscosity and temperature versus time.
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Figure 39: The viscosity versus time and the temperature versus time of the resin sample after 20
minutes in 100˚C oven

The other two experiments as explained in the procedure section comprise of a water bath
held at 60˚C and 80˚C. Figure 40 shows the graphs from the 60˚C experiment while Figure 41
shows the graphs from the 80˚C experiment.
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Figure 40: The viscosity versus time and the temperature versus time of the resin sample held in
a 60˚C water bath
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Figure 41: The viscosity versus time and the temperature versus time of the resin sample held in
an 80˚C water bath
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By looking at the four curves overlaid on the same graph of viscosity versus time in
Figure 42 it is seen that the process of simply trying to preheat the resin in the oven is not only
inefficient to get it to the desired temperature it also cools very quickly which in turn causes the
viscosity to increase. A 60˚C water bath was chosen for manufacturing because it lowers the
viscosity for the duration of the infusion process while not curing the resin.
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Figure 42: Viscosity versus time for all four viscosity tests
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Chapter 5.3: Matrix Digestion

The acid digestion experiment was done for all of the different fiber angles ±20 degrees,
±30 degrees, ±45 degrees and ±60 degrees. It is known that the density of AS4D is 1.79 g/cm2,
(Daniel, 2006) the density of LF750 cured with Caytur 31 is 1.123 g/cm2 (Sollenberger, 2010)
and the density of water at room temperature is 0.9982 g/cm2. From the matrix digestion
calculations, Table 2 tabulates the results for the various specimens.

Table 2: Volume fraction of fibers, matrix and voids in percents
Angle
20
30
45
60

Fiber
57.3
42.3
38.2
53.2

Matrix
40.0
49.6
56.2
43.5

Voids
2.7
8.0
5.6
3.3

Chapter 5.4: Compression Tests

The results from the compression tests are all compiled into the stress strain curve in
Figure 43. The individual stress strain curves are found in the Appendices and only the average
of the two extensometers is included in Figure 43. The lower degree angled parts are found to
have a higher stiffness than the higher angle parts. MM designates specimens that were made
with the mold modifications.
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Figure 43: Stress strain curves for the different specimens with different fiber angles

In Figure 44 and Table 3 the modulus and cord modulus from the VARTM braided
specimens are compared with the modulus obtained from Sollenberger’s filament wound parts.
Except for the ±20 degree specimens, it can be seen that the RTM specimens have a much lower
stiffness that the filament wound parts. This is explored further by calculating the volume
fraction of the fibers, matrix and voids. The chord modulus is not very useful from the ±20
degree specimens because when the part was around 1000-3000 micro strain it was in the plastic
deformation region.
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Figure 44: Modulus versus fiber angle for compression compared with previous work

Table 3: Fiber angle and modulus of braded and filament wound specimens in compression
Angle
20˚
30˚
45˚
60˚

Modulus (GPa)
19.8
2.70
1.01
0.91

21.1
2.58
0.77
0.87

Sollenberger (GPa)
25.4
9.83
4.01
2.73

Figure 45 and Table 4 tabulate the ultimate stress of the compression test specimens
versus the fiber angle of the various tubes tested.
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Figure 45: Ultimate stress versus the fiber angle of specimens in compression

Table 4: Fiber angle and ultimate stress of braded specimens
Angle
20˚
30˚
45˚
60˚

Ultimate Stress (MPa)
35.42
34.12
17.82
18.77
12.74
12.47
11.11
10.91
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Chapter 5.5: Tension Tests

The results for the tension tests are compiled in the stress strain curve shown in Figure
46. The ±20 degree specimens as well as the ±60 degree specimens were both made with the
mold modifications and are designated with MM.
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The moduli in tension are compared to Sollenberger’s in Figure 47 and Table 5.
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Figure 47: Modulus compared to the previous filament wound data

Table 5: Fiber angle and modulus of braded and filament wound specimens in tension
Angle
20˚
30˚
45˚
60˚

Modulus (GPa)
13.6
8.50
1.50
0.41

16.1
1.25
0.39

Sollenberger (GPa)
32.2
10.7
3.9
2.46
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Chapter 5.6: Classical Laminated Plate Theory (CLPT)

CLPT was utilized to back calculate the modulus of the composite in the principle
direction, E1. By using the modulus of the composite in the axial direction, Ex, values could be
plugged into the equations for CLPT and produce an E1. Once this was determined it could be
compared to the modulus, E1, that was determined from the parallel spring theory.
Table 6 shows the properties for the fiber that were used in CLPT. These values were
found from Daniel's text book "Mechanical Properties of Composite Materials." These fiber
properties are for AS4 fibers. Though AS7 carbon fibers where used in the manufacturing of the
VARTM specimens, because of lack of transverse modulus data for AS7 the modulus properties
for AS4 carbon fibers was used.

Table 6: Fiber properties (Daniel, 2006)
E1 (GPa)
235

E2 (GPa)
15

G12 (GPa)
27

Table 7 shows the value used for the modulus of the matrix. 0.25 GPa was determined by
Sollenberger by making dog bone sample of the LF750. This modulus was reduced for
calculations because the matrix had voids in it. Because LF750 is an isotropic material the
modulus in all directions is the same. To determine the reduced modulus of the matrix, the
modulus was reduced by a factor equivalent to the voids found during matrix digestion testing.
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is the reduced modulus of the matrix while Em is the measured modulus of the matrix and Vv
is the volume fraction of the voids.

(33)

Table 7: Reduced matrix modulus values for the various specimens.
Angle
20˚
30˚
45˚
60˚

EM (GPa)
0.243
0.230
0.236
0.242

Using the parallel spring model for E1 of the composite and the series spring model for E2
and G12 values were calculated for the various fiber angles using the volume fractions found
during the matrix digestion tests. These values are tabulated in Table 8 for the various tube
specimens as well as the numbers that Sollenberger used for his calculations.

Table 8: Theoretical material properties based on series and parallel spring model
Angle
20˚
30˚
45˚
60˚
Sollenberger

E1 (GPa)
135
100
90
125
141

E2 (GPa)
0.594
0.457
0.416
0.545
1.600

v12
0.33
0.33
0.33
0.33
0.33

G12 (GPa)
0.495
0.401
0.354
0.455
1.070
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Once material properties were found for the composite in the principle direction, these
values were used in CLPT to back calculate

. This was then compared to the E1 of the

composite calculated from the parallel spring model and a ratio was formed. Table 9 shows the
results for Sollenberger's filament wound parts when tested in compression. Sollenberger's ratios
were all the same because when filament winding he was able to very carefully control his
volume fractions of his reinforcement and matrix.

Table 9: Sollenberger back calculated modulus in compression
Angle
20˚
30˚
45˚
60˚

E1 (GPa)
43
43
43
43

Sollenberger Compression Ex (GPa)
25.40
9.83
4.01
2.73

Ratio (%)
30.48
30.48
30.48
30.48

Table 10 shows the results of the values back calculated from CLPT of the braided tube
specimens tested in compression. The axial compression modulus is found in this table that was
used to back calculate the modulus in the fiber direction, which is also found in this table. The
ratio percent is the percent of the back calculated E1 versus the E1 calculated using the rule of
mixtures. This should give insight into how the waviness of the fibers is affecting the modulus in
the fiber direction.

73

Table 10: Back calculated modulus for braided specimens in compression
Angle
20˚
30˚
45˚
60˚

E1 (GPa)
134.68
13.00
4.10
125.07

Tests Compression Ex (GPa)
20.45
2.64
0.89
0.88

Ratio (%)
100
13.05
4.56
100

Table 11 shows the results that were back calculated from Sollenberger's filament wound
specimens tested in compression.

Table 11: Sollenberger back calculated modulus in tension
Angle
20˚
30˚
45˚
60˚

E1 (GPa)
69
69
69
69

Solenberger Tension Ex (GPa)
32.2
10.7
3.9
2.46

Ratio (%)
48.9
48.9
48.9
48.9

Table 12 shows the values back calculated from CLPT of braded VARTM tubes in
tension. The ±60 degree specimens shows zero. Although this is not actually possible this
notation was used to point out the fact that the test modulus in the axial direction, Ex, was
actually lower that the modulus in the matrix direction, E2, calculated using CLPT.
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Table 12: Back calculated modulus for braided specimens in tension
Angle
20˚
30˚
45˚
60˚

E1 (GPa)
91
99.62
89.98
0

Tests Tension Ex (GPa)
14.85
8.50
1.38
0.40

Ratio (%)
67.57
100
100
0
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Chapter 6: Conclusions

Composite flexible matrix composite drive shafts could be made using vacuum assisted
resin transfer molding (VARTM) as opposed to filament winding. Even though the properties
from these preliminary specimens did not directly compare with the currently made filament
wound parts, because some of the CLPT calculations look promising, more work can be done to
continue to learn more.
When comparing the modulus of the VARTM made parts to Stan Sollenberger’s filament
wound parts it was found that the parts made from braded carbon fibers with angles of ±30 and
±45 degrees have a much lower modulus. However, when comparing the volume fractions of the
parts the average filament wound part has a fiber volume fraction of about 60%, a matrix volume
fraction of about 35 % and a void volume fraction of less that 5%. The RTM parts have less
reinforcement, more matrix and more voids all which can explain why those parts have a lower
stiffness.
The ±20 and ±60 degree parts could not be fully infused with resin, even after the
optimum resin temperature and processing to lower viscosity. These parts with larger volume
fractions of fibers can be infused using mold modifications, where small groves are added to the
mandrel allowing the resin to flow down the length of the part and then fill through the thickness
of the part. The mechanical properties of these parts were still lower than the filament wound
parts however when comparing the volume fractions of the fiber matrix and void they look very
comparable to the filament wound parts.
Results from the compression and tension tests show that even though the specimens are
not directly comparable to Sollenberger's filament wound parts, when the lower volume fractions
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of the fibers are factored in and the material properties of the constituents are considered, the
braded specimens performed close to the predicted for ±20 and ±60 degree tubes in compression
while ±20, ±30 and ±45 performed well in tension. It is not understood why the other specimens
had modulus that when back calculated caused such a low modulus ratio, because the voids and
low volume fractions were calculated into CLPT. One possibility is that in CLPT the modulus,
E2, and shear modulus, G12, in the principle direction of the composite, can both be calculated
using a different method that utilizes an experimental factor to make these values more accurate.
This method was not used in the calculations presented in this research.
There are a few other possibilities as to why the experimental data and theoretical data do
not match. One theory would be that the outer mold could be changing the way that the matrix
cures and the curing regimen should be experimented with to find if there is a different amount
of time or temperature that should be used to cure the parts.
Another possible explanation is that when the pre-form is being slid onto the mandrel or
when the pre-form and mandrel are being slid into the mold, the mold release is coating some of
the fibers. This would result in failed bond between the fibers and matrix which would lower the
properties of the specimens.
Continued work should be done on investigating the compression after impact (CAI) of
the braded pre-form parts. This was one of the main driving forces of the research and now that it
is understood how to make a tube specimen and the compression and mechanical properties have
been tested, tubes can now be damaged and compared to these tests. The braiding pattern could
prove to be more resilient to impacts than the filament wound counterparts.
Finally work could be continued trying to over mold a fitting right onto the driveshaft.
The FMC drive shafts must exert torsional power from the engine to the rear rotor. To attach this
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fitting on the ends of the filament wound composite drive shaft, the fittings must be glued and
bolted on place. Research can be done to see if a fitting can be molded right into the composite
part during VARTM of a braded tube specimen. This could be done with a dissolving mandrel or
a split line mold.
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Appendices

Appendix 1: Compression Stress Strain Curves

The stress strain curves from the compression tests are compiled below. Both
extensometers are graphed as well as the average of the two curves. A linear best fit line is fit to
the average from zero to 500 micro strain. The equation and R2 value is listed on each curve. As
before MM designates specimens that are made from the modified mold.
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Figure 48: ±20 MM specimen 1 compression
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Figure 50: ±30 specimen 1 compression
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Figure 51: ±30 specimen 2 compression
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Figure 52: ±45 Specimen 1 compression
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Figure 53: ±45 specimen 2 compression
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Figure 54: ±60 MM Specimen 1 compression
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Figure 55: ±60 MM specimen 2 compression
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Appendix 2: Tension Stress Strain Curves

The stress strain curves from the tension tests are compiled below. Both extensometers
are graphed as well as the average of the two curves. A linear best fit line is fit to the average
from zero to 500 micro strain. The equation and R2 value is listed on each curve. As before MM
designates specimens that are made from the modified mold.
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Figure 56: ±20 MM Specimen 1 tension
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Figure 57: ±20 MM specimen 2 tension
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Figure 58: ±30 specimen 1 tension
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Figure 59: ±45 specimen 1 tension
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Figure 60: ±45 specimen 2 tension
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Figure 62: ±60 MM specimen 2 tension
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