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ABSTRACT
Glass reinforced and carbon reinforced polymers are widely used across many
industries. Both glass fibers and carbon fibers are measured in micrometers in diameter,
and can be molded into many different shapes when combined with resin. Fiber
reinforced polymers have a very high strength to weight ratio, making them very useful
in the aircraft industry, sports industry, and infrastructure; however, as the fiber
reinforced products are manufactured and are used in service, defects can occur that will
compromise the strength and the life of the product.
There are currently several nondestructive evaluation techniques to provide
quality assurance in industry today. These techniques include C-Scans and Acoustic
Emission testing. Both methods can accurately predict if flaws are present within a fiberreinforced composite; however, there are several disadvantages to either method of
nondestructive evaluation.
This work performed in this study evaluated a new method of nondestructive
testing using magnetostrictive transducers as a tool for ultrasonic wave propagation. The
iron-cobalt foil component of the magnetostrictive transducer was embedded in both
glass fiber reinforced polymer and carbon fiber reinforced polymer. While no usable
signals were gathered from the embedded foils within the glass fiber reinforced polymer,
many usable signals were obtained from the carbon fiber reinforced polymer.
Experiments continued with testing embedded foils in a carbon fiber plate with
manufacturer-induced flaws. The flaws were a wrinkle defect and a ply-backing defect.
The flaws were identifiable using the magnetostrictive testing indicating that it is a viable
method to detect flaws within carbon fiber reinforced polymer. The effectiveness of
magnetostrictive transducers on other types of flaws and carbon fiber requires further
investigation.
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Chapter 1
Introduction

Problem Statement and Objectives
Composites are widely used materials in many different industries. Composites
are made from two or more constituent materials with different properties that form a
new material with new properties when combined. There are many types of composites:
cements, ceramic composites, metal composites, and fiber reinforced composites. In this
investigation, two types of fiber-reinforced polymer composites were experimented on
using nondestructive testing techniques. The fiber-reinforced polymers used in this study
were a glass fiber reinforced polymer and a carbon fiber reinforced polymer. The foil
based nondestructive testing technique used in this investigation was ultrasonic testing
through the use of iron cobalt magnetostrictive transducers. Ultrasonic nondestructive
evaluation uses high frequency sound waves to determine structural defects within
various materials.
Common structural defects within fiber-reinforced polymers are bond line defects.
These defects occur between the layers of the fiber-reinforced materials as they are
manufactured. Structural integrity of carbon fiber and glass fiber is critical in industry
and bond line defects compromise the structural integrity of these materials. The
objective of this investigation was to determine if magnetostrictive transducers could be
used to detect bond line defects in glass fiber and carbon fiber laminates by embedding
an iron cobalt foil between the composite plies. The ability to detect bond line defects
with embedded sensors enables both quality assurance tests and lifetime structural health
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monitoring. Quality assurance testing would identify any defects created by the
manufacturer, while structural health monitoring allows for the laminates to be tested for
in-service defects that could occur over the lifetime of the product. There is a need for
partially embedded transducers in composites because fiber-reinforced polymers
currently cannot easily be evaluated for sub-surface defects that occur in service. Partially
embedded magnetostrictive transducers give fiber-reinforced composites the capability to
be tested nondestructively throughout the lifetime of the product.

Literature Review and Background

Fiber Reinforced Composite Manufacturing
Fiber composites have a high strength to weight ratio and especially provide
strength in tensile loading. Fiber composites are made up of two main components: fibers
and resin. The two types of fiber used in this investigation were glass and carbon. In both
cases the fibers are encompassed by a continuous epoxy matrix; however, they differ in
their basic raw material composition as well as their manufacturing and use.

Fiberglass
Glass strands were first developed in the 1700s when a French physicist, ReneAntoine Ferchault de Reaumur created fabrics that were adorned with fine glass strands.
In fact, glass fiber was primarily used in textiles until World War I when the glass fibers
were manufactured as a wool-like insulating material. Fiberglass production continued
throughout the 1930s as two companies, Owens-Illinois Glass Company and Corning
Glass Works developed technology to produce fine glass fibers by drawing molten glass
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through small openings. These two glass companies combined into today’s fiberglass
production leader known as Owens-Corning Fiberglass Corporation.
Fiberglass production begins with three main ingredients: silica sand, limestone,
and soda ash. Silica sand is the primary ingredient to form the clear glass fibers while the
limestone and soda ash are used to lower the melting temperature of the mixture,
allowing the molten mixture to be drawn into thin fibers. The first step in the
manufacturing process is to feed the silica sand, limestone and soda ash mixture into a
furnace where the mixture is heated to about 2500 degrees Fahrenheit. After the mixture
is molten, it passes through fine orifices and is collected into strands. These strands are
coated with lubricants in order to reduce fiber abrasion and fraying. The final step in the
manufacturing process is combining the fibers with a heat-activated epoxy. The epoxy
and resin are formed into long sheets, or plies, of varying thicknesses. The thickness is
dependent upon the thickness of the woven strands, the amount and type of epoxy used,
and the fiber orientation within the ply. The plies are rolled and packaged for distribution.
Figure 1 depicts the first steps of the process: mixing the ingredients, heating them in a
furnace until molten, and drawing the molten glass into filaments. Once sold, the plies
can be cut, arranged and molded into a shape as the designer sees fit (Sheppard, 1999).

Figure 1 - Glass fiber manufacturing process (Sheppard, 1999)
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Carbon Fiber
Carbon fiber is a slightly more versatile fiber that was invented and developed
much later than fiberglass. Carbon fibers were first made in the 1950s by burning strands
of rayon until they were approximately 20% carbon. This low carbon percentage proved
to be ineffective, causing the fibers to have low strength and stiffness properties;
however, in the 1960s polyacrylonitrile was substituted for rayon. The polyacrylonitrile
yielded much better results with carbon percentages, averaging 55%. Polyacrylonitrile
and other related materials is still the common strand product used today. Carbon fiber
strands are 0.005-0.010mm in diameter, significantly smaller than glass fiber strands
(0.55-0.77mm). Carbon fibers, like glass fibers, are commonly combined with resin in
order to create fiber composite parts once hardened (Cavette, 1999).
Carbon fibers are created similarly to glass fiber composites. The process begins
with the organic polymer, polyacrylonitrile and a series of chemicals (including methyl
acrylate and methyl methacrylate). The precursor is then drawn into fibers, which are
heated at high temperatures (390-590 degrees Fahrenheit). At this temperature, the linear
atomic bonding of the carbon atoms transforms into ladder bonding, a more stable carbon
arrangement. The linear and ladder bonding is shown in Figure 2.

Figure 2 - Polyacrylonitrile is transformed into a more stable ladder bonding pattern at
high temperatures (Cavette, 1999)
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The fibers are then carbonized, meaning the fibers are exposed to temperatures of
1,830-5,500 degrees Fahrenheit in an absence of oxygen; therefore, the fibers do not
burn. Instead, the molecules vibrate violently, expelling most non-carbon atoms within
the fibers. This ensures the ladder bonds have very few defects and are increasingly
strong. The ladder-bonded carbon fibers are orders of magnitudes smaller than glass
fibers; therefore, the carbon fibers are gathered into bundles, called tows, in order to align
them in the same direction later in the process.
After carbonization and gathering the fibers into tows, the fibers’ bare surfaces do
not bond well with the epoxies and resins used to create molded carbon fiber products;
therefore, the fibers are oxidized through the exposure of various gases including: air,
carbon dioxide and ozone. After exposure, the fibers can be wound, or added to an epoxy
resin to create moldable sheets of fiber. Figure 3 shows the mixture of the
polyacrylonitrile along with other chemicals to create extruded polymer filaments. Next,
the fibers are shown entering the furnace in and carbonization process. Finally, the fibers
are coated and wound, ready for combination with epoxy resin (Huang, 2009).

Figure 3 - Carbon fiber manufacturing process (Cavette, 1999)

6

Fiber Orientation
The two types of fiber and epoxy combinations used in this experiment are
unidirectional prepreg and quasi-isotropic prepreg. Prepreg is the term used to define
fiber-reinforcing fabrics that are impregnated with epoxy resin. Unidirectional prepreg
tape is a combination of fiber and epoxy with all of the fibers running in the same
direction. Unidirectional fiber prepreg is strongest by several orders of magnitude in the
direction of the fibers. Multiple layers of the unidirectional prepreg can be stacked in
order to create a quasi-isotropic fiber reinforced fabric. Quasi-isotropic prepreg is defined
as a fiber fabric with fibers running in the 0, 45, 90, and -45 degree fiber directions. This
allows the prepreg to be much stronger in any direction rather than the single directional
strength provided by the unidirectional fiber. Quasi-isotropic prepreg can be formed
manually, or it can be purchased as a premade quasi-isotropic fabric. In the case of this
experiment, the glass fiber prepreg was a premade quasi-isotropic fabric, whereas the
carbon fiber prepreg was a unidirectional tape.

Fiber Reinforced Composite Construction
Fiber reinforced composites made from prepreg fabric are created through a series
of steps. First, the prepreg fabric is cut into a desired shape. Following the cut, the fiber is
layered with regards to the prepreg’s fiber directions. If the final product only calls for
strength in one direction, the fiber may simply be laid in a unidirectional layup; however,
if the final product requires strength in multiple directions, any number of the following
orientations may be chosen and combined to emphasize strength in a desired direction: 0,
45, 90 and -45 degrees.
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After the piece has been arranged, it is prepped for heat treatment. In order to be
heat treated, the fiber composite piece is placed on a surface that can be vacuum-sealed.
Teflon fabric is first applied over top of the fiber composite piece followed by perforated
release film that is sealed with sealant tape. The Teflon fabric acts as a permeable barrier
between the release film and the fiber composite piece. As the vacuum forms the lowpressure seal, air is pulled through the perforated release film and the Teflon fabric and
exits through the vacuum pump, creating seal around the fiber composite piece. This lowpressure seal allows the fiber composite piece to maintain its shape as it is placed in the
oven to be cured. The heat treatment allows the epoxy resin to melt and causes the piece
to mold into one solid shape. After the piece has cooled, the fiber composite piece is
ready for use. The two defects that were simulated in this experiment were bond line
defects (Wisnom, Khan, & Hallett, 2008).
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Fiber Reinforced Composite Defects
Through the fiber reinforced composite construction process described above,
several types of material defects can occur. The following list of fiber composite defects
is adapted from Composite Defects and Their Detection by R. A. Smith.

Table 1 - Types of fiber reinforced composite defects (Smith, 1997)

Type of
Manufacturing
Defect
Voids
Foreign Bodies
Bond Line Defects
Fiber
Misalignment
Ply Misalignment
Wavy Fibers
Incompletely
Cured Matrix
Type of InService Defect
Delaminations
Matrix Cracks
Fiber Fracture
Fiber/Matrix
Debonding
Surface Abrasion

Description

An air pocket trapped between the plies of the composite.
A foreign body trapped between the plies of the composite.
Abnormal bond lines (fused space between plies) due to the oven’s
cure cycle.
Fibers that do not follow the same direction of the other fibers
within a ply.
Plies that are place in the incorrect direction when following a
specific layup pattern.
In-plane kinking of fibers during the manufacturing or layup
process.
A cure cycle in the oven that does not completely fuse the plies.
Description
Fiber crack in the plane between plies is inflicted after the curing
process.
Cracks that occur in the cured epoxy resin
Crack or separation of fibers or tows in the cured product
Separation of the cured epoxy resin and the fibers or tows
Partial or multiple plies that have been worn away by friction over
time that has caused a service defect
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Non-Destructive Evaluation of Fiber Reinforced Composites
There are several non-destructive evaluation techniques used in industry today.
The two most common techniques used are C-Scans and acoustic emissions.
C-Scans are a method of ultrasonic testing that are performed by placing a
composite in a wave-propagating medium, such as water. The composite specimen is
then scanned over its entire area using an immersed ultrasonic transducer. This method of
ultrasonic non-destructive testing can be very useful because the scan can create a layerby-layer image of the composite, showing where any material defects may be located.
The penetration depth of the ultrasonic wave is limited by the frequency of the wave. The
lower the frequency used, the greater the composite penetration depth; however, the
higher the frequency used, the higher the sensitivity of the received signal. Therefore, a
three dimensional image of the composite can be created and analyzed for defects. Cscans are also more accurate with a finer scan, meaning the transducer covers a smaller
amount of area within a given amount of time. C-Scans are the most accurate method of
ultrasonic testing; however, they require a large amount of time to scan a specimen
accurately and the specimen must be immersed in a wave propagation fluid (Shull et al.,
2002; Smith, 1997).
A less intensive method of non-destructive testing on composites (most
commonly glass fiber composites) is acoustic emission testing. Acoustic transducers can
be placed on composite specimens that are in use or under load. As damage occurs, strain
energy is released. The strain energy translates into a stress wave that propagates through
the polymer. As the stress wave interacts with the piezoelectric transducer, the
mechanical wave is translated into an electrical signal by the piezoelectric transducer.
Using multiple acoustic transducers, the location of a defect can be triangulated;
however, the type and depth of a defect cannot be determined. Additionally, the defect
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must be growing while the object is being monitored because the acoustic emission only
detects real time defect propagation (Shull et al., 2002; Smith, 1997).

Magnetostrictive Transducers
The type of non-destructive testing used in this experiment also used ultrasonic
waves to detect defects with composite materials. The composites in this experiment
were tested using magnetostrictive transducers. Magnetostrictive transducers consist of
three elements: a ferromagnetic iron cobalt foil, a conductive coil, and a magnet. Figure 4
depicts the three elements and their orientations when in use.

Figure 4 – Magnet, coil and foil orientation
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The foil is the first part of the transducer used in the nondestructive evaluation
process. The foil must be a ferromagnetic material, simply meaning that it changes shape
or dimensions when an electromagnetic field is applied. A very popular ferromagnetic
foil used in magnetostrictive transducers is an iron cobalt foil. In order to eventually
obtain a clear signal when testing for flaws, the foil has to be coupled to the testing
surface. The bond has to be devoid of any discontinuities or air pockets that might
interfere with a signal.
The next part of the transducer is the conductive coil that is placed on top of the
magnetostrictive foil. The coil is often made out of copper because of its conductive
properties. The coil’s shape is also important to the nondestructive evaluation process; it
should be approximately the same dimensions as the ferromagnetic foil, and should be
meandering in shape. The coil is placed directly on top of the bonded foil with minimal
air space in between the coil and foil. If there is too much liftoff between the coil and foil,
the magnetic field created by the current in the coil will be too weak.
The final element of the magnetostrictive transducer is the magnet. The magnetic
field bias aligns the magnetic domains in the magnetostrictive foil. Application of an
alternating current in the electric coil then generates a mechanical disturbance in the foil
due to its magnetostrictive properties. The transducer generates a shear wave that
propagates perpendicular to the electric coil with particle displacement in the direction of
the bias of the permanent magnet. The spacing of the electric coil dictates the wavelength
generated.
When the magnet is placed on top of the coil, the magnetic field aligns the
magnetic domain, thus changing the shape of the ferromagnetic foil. Next, a current is
applied through the conductive copper coil. As the current runs through the coil, a second
magnetic field is created, which interferes with the static magnetic field created by the
magnet. The interference causes the foil to rapidly change shape, as the current in the coil
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is rapidly alternated. The rapid change in shape causes ultrasonic waves to propagate in
the direction perpendicular to the meandering coil (Dapino, Smith, & Flatau, 2000).

Wave Propagation
The active transducer generates an incident ultrasonic guided wave that
propagates through the laminate. Wave propagation will occur perpendicular to the
meandering coil in the ‘x direction,’ meaning particle displacement will occur in the ‘ydirection’ within the plate. The wave propagation according to the coordinate axes
described above is depicted below in Figure 5. As the wave travels through the laminate,
discontinuities in acoustic impedance cause reflections that are received by the same
active magnetostrictive transducer (Rose, 1999).

Figure 5 - Wave propagation direction in a plate

Like C-Scans, magnetostrictive transducers use ultrasonic waves to detect flaws
within materials; however, the advantage to magnetostrictive transducers is that the
transducer does not have to be scanned over an entire area while being immersed in a
fluid. The magnetostrictive foils can be embedded in a fiber composite material and test a
large area in a short amount of time. In addition to the advantage of the speed of the test,
multiple tests can be performed over the lifetime of the object using the same embedded
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foil; therefore, the progression of a flaw can be monitored without having to re-immerse
the laminate in a fluid for a C-Scan every time a test is needed.

Wave Mode Selection
In this experiment, one specific wave mode was excited in order to create
harmonic wave motions within the plate. The shear horizontal (SH) wave mode was
selected for ultrasonic tests because it causes particle vibrations in a plane that is parallel
to the surface of the plate in which the wave is propagating. In addition to parallel
particle displacement, the SH wave mode is traditionally one of the most simple wave
modes to generate and understand.
The SH wave mode was excited specifically based on a dispersion curve
generated for the carbon fiber reinforced polymer used in this experiment. In this
experiment, the dispersion curve was generated based off of a stiffness matrix. The
stiffness matrix was created from known data gathered from the pre-preg manufacturer
and from a stiffness matrix algorithm written by Dr. Lissenden. The stiffness matrix was
generated volume fractions one through one hundred and was then used to generate the
dispersion curves. Once a dispersion curve is generated, the SH wave mode excitation
frequency can be determined by finding the intersection of the SH dispersion curve and
the activation line (which is given by the fundamental wave relation CP = λ*f ) for the
transducer used in the experiment. CP is defined as the propagation speed of the guided
wave, while λ and f are defined as the wavelength and frequency, respectively, of the
guided wave (Rose, 1999, 2003). Figure 6 depicts a dispersion curve generated for this
experiment. The SH0 wave mode is expressed in the green dots and the activation line is
the straight line shown in pink.
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Figure 6 - Example dispersion curve showing the SH wave mode and the activation line

A-Scan
A-Scans are raw ultrasonic data interpreted on an oscilloscope. An A-Scan is
measured in time (microseconds) vs. amplitude (volts). In an A-Scan a transducer is in a
fixed position and sends a signal that is received by a second transducer in a through
transmission or received by the same transducer in a pulse-echo transmission. The signal
sent can be seen echoing or reflecting in the material as the wave propagates and interacts
with the boundaries and/or defects. Hilbert transform plots use the A-Scan data to
perform a Hilbert transform. The result is then plotted and is viewed as a wave envelope,
making signal analysis simpler (“Iowa State University Center for Nondestructive
Evaluation,” 2015). An example A-Scan and its corresponding Hilbert Transform are
shown below in Figures 7 and 8.
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Figure 7 - Example A-Scan

Figure 8 - Corresponding Hilbert Transform
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Chapter 2
Experimental Methods
The design and research is separated into three sections: composite plate design,
magnetostrictive transducer setup, and LabView and Matec operation. These three
sections adequately define the design of the composite plates, the arrangement of the nondestruction evaluation ultrasonic hardware, and the operation of the hardware through the
use of the Matec system and LabView software.

Composite Plate Design

Glass Fiber Plate Design
The glass fiber plate design began with the selection of the glass prepreg tape
material. A Gurit prepreg was chosen because it was readily available in the Applied
Research Laboratory and it was a common glass prepreg tape used to create strong glass
fiber materials. Gurit ST94/QE1203 Glass Fiber Composite is 1 mm thick and each ply
has a quasi-isotropic layup, meaning, each ply contains fibers in the 0/45/90/-45 degree
directions. Eight, 406 X 406 mm plies were cut using a utility knife and were laid up
according to the orientations in Figure 9. The plies were stacked in two groups of four
and were then mirrored. By stacking the plies in two groups of four, the characteristic
quasi-isotropic pattern was maintained between plies. By mirroring the two groups of
four, the quasi-isotropic layup described in the literature review was maintained. The
total thickness of the stacked plies was 8 mm. A 25 mm x 38 mm iron cobalt foil was
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placed between the first and second ply and the second and third ply for later ultrasonic
testing. The placement is shown in Figure 10.

Figure 9 - Layup sequence for glass fiber plies

Figure 10 - Placement of Iron Cobalt foils in glass fiber plate
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The eight-ply glass fiber layup was then prepped for the cure cycle. It was placed
on a steel table and covered with porous Teflon release fabric, followed by perforated
release film and finally nylon with silicon super release film. The edges of the table were
sealed with an AirTech sealant tape and a low-pressure system was created by removing
air from beneath the porous Teflon release fabric. Once the low-pressure seal had been
attained, the glass fiber plate was cured for two hours at 80° F, two hours at 175° F and
finally five hours at 225° F. After the cure cycle was complete, the glass fiber plate was
removed from the oven and was ready for ultrasonic testing.

Carbon Fiber Plate 1 Design
The carbon fiber plate design began with the selection of the carbon fiber
composite material. Newport 301 carbon fiber prepreg tape was chosen because of its
availability and common use in industry. The material is frequently used in sporting
good, marine, medical and industrial manufacturing. Newport 301 carbon fiber prepreg
tape is manufactured by Newport Composites with a thickness of 0.125mm. Unlike the
glass fiber prepreg tape, each layer of the prepreg tape contained only a single fiber
direction; therefore, when layering the carbon fiber prepreg tape in a quasi-isotropic
layup, the designer must pay careful attention to the fiber direction.
The first carbon fiber plate created was 508mm X 508mm. These dimensions
were chosen because 508mm was the width of the prepreg tape roll; therefore, it was the
largest plate that could be efficiently made using the provided carbon fiber prepreg tape.
The first plate was crafted with eight plies in a quasi-isotropic layup. The total thickness
was 1mm. Each ply was manually oriented in the 0/45/90/-45 ordered orientations. The
eight-ply layup is depicted below in Figure 11. A single 38mm X 38mm iron cobalt foil
was inserted between the first and second ply for later ultrasonic testing. The placement
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of the foil is shown in Figure 12. Only one foil was inserted in this plate’s construction
due to the experience gained from the ultrasonic results from the glass fiber plate.

Figure 11 - Layup sequence of eight-ply carbon fiber plate

Figure 12 - Placement of foil in the carbon fiber plate
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Carbon Fiber Plate 2 Design
The second carbon fiber plate was designed very similarly to the first carbon fiber
plate. The second plate was created with 508mm X 508mm dimensions from the same
Northern Composite Newport 301 carbon fiber prepreg tape; however, the second plate
was created with sixteen plies in quasi-isotropic orientation. The total thickness is 2mm.
The sixteen-ply layup with its specific fiber directions is shown in Figure 13. Two
thicknesses of carbon fiber composites plates were created in order to determine the best
sample thickness for ultrasonic wave propagation. Eight-ply and sixteen-ply composite
materials are consistent with the thicknesses of carbon fiber products made in industry.
The overall layup pattern differed from the eight-ply layup pattern. The sixteen-ply layup
pattern is shown below. A single 38mm X 38mm iron cobalt foil was embedded between
the first and second ply for later ultrasonic testing. The foil placement is shown in Figure
14.

Figure 13 - Layup sequence of sixteen-ply carbon fiber plate
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Figure 14 - Placement of foil in the sixteen-ply carbon fiber plate

Carbon Fiber Plate 3 Design
The third carbon fiber plate was designed and manufactured with two simulated
manufacturer defects. The plate was the same shape and quasi-isotropic layup as the first
eight-ply carbon fiber plate, but there were two defects simulated within the plies of
plate. The plate was manufactured with eight plies because the best signal was obtained
from eight-ply plate without defects. The 508mm X 508mm plate was 1mm thick. The
two manufacturing defects simulated were a wrinkle defect and a ply-backing defect.
The wrinkle defect was simulated by rolling up a small piece of carbon fiber and
placing it in between the fourth and fifth ply of the plate. Rolling a small piece of carbon
fiber and placing it between plies guaranteed a large wrinkle defect that would be visible
after curing. Wrinkle defects can easily occur as a manufacturer places plies atop one
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another. The plies adhere to themselves during placement due to the epoxy resin and can
crease if not placed with care.
The ply backing defect was simulated by leaving an approximate 25mm X 25 mm
portion of ply backing on the fifth ply. Ply backing is non-stick wax coated paper that is
placed on the back of the carbon fiber plies to prevent the plies from sticking to one
another before product layup occurs. Back ply is simply removed by hand as the carbon
fiber plies are assembled for curing; however, it can easily tear upon removal and pieces
of ply backing can go unnoticed into the curing process. In this experiment, a small 1”x1”
backing was left on the fifth ply to simulate a ripped segment of backing being left on a
ply. A photo of the defects and their placement is shown below in Figure 15.

Figure 15 - Placement of wrinkle defect and ply backing defect
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In order to test for these defects, three iron cobalt foils were embedded between
the first and second ply. The first foil was aligned to test for the existence of the wrinkle
defect, while the second foil acted as a control, testing for continuous wave travel
throughout the plate. The third foil was aligned to test for the existence of the backing
that was left on the fifth ply. The locations of the foils in relation to the defects are shown
below in Figure 16 and Figure 17.

Figure 16 - Fiber orientations, foils locations and defect locations in carbon fiber
plate three

Figure 17 - Foil and defect locations in carbon fiber plate three
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Magnetostrictive Transducer Setup

Glass Fiber Plate Transducer Setup
The glass fiber plate was initially tested using the two embedded iron-cobalt
magnetostrictive foils. A 12.8mm wavelength copper coil was placed on top of the foil
embedded between the second and third layer followed by a rare earth magnet to create
an electromagnetic field, magnetizing both the coil and each of the embedded foils. The
liftoff distance between from the foil to the surface was 2mm. Both the coil and the
magnet were placed on the side of the glass fiber plate that the foil was closest to. The
orientation of the coil and magnet was very important. The leading edge of the coil must
be placed parallel and as close as possible to the leading edge of the foil and the magnet
direction must be perpendicular to direction of wave propagation. As discussed in the
background, ultrasonic waves will propagate from the leading edge and the rear edge of
the coil/foil combination; therefore it is important to pay close attention to the coil and
magnet. Pulse-echo tests were then performed using the embedded transducers, meaning
waves were both sent and received from the same magnetostrictive transducers. The same
setup was repeated for the second embedded foil placed between the first and second ply.
The liftoff between the foil between the first and second ply was 1mm. A diagram of the
wave travel in pulse-echo mode is shown in Figure 18.
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Figure 18 - Ultrasonic wave travel in pulse-echo mode is portrayed by the arrow directions

In addition to embedded foil testing, surface foil testing was also performed
because the embedded foils did not yield usable signals in the glass fiber composite plate.
In surface foil tests, iron cobalt foils were bonded using Loctite superglue to the surface
of the glass fiber plate. First a single iron cobalt foil was bonded to the surface of the
plate. Pulse-echo tests were performed in the same setup as described above with 12.8
mm wavelength coils and the same rare earth magnets. Next, a second iron cobalt foil
was bonded to the surface of the glass fiber plate. Through-transmission tests were then
run between the two, surface bonded iron cobalt foils, meaning ultrasonic waves were
sent from the first magnetostrictive transducer and detected by the second
magnetostrictive transducer. The location of the surface bonded foils is depicted below in
Figure 19.
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Figure 19 - Ultrasonic wave travel in through transmission mode is portrayed by the arrow
direction

Carbon Fiber Plates’ Transducer Setup
The carbon fiber plates used the exact same embedded foil magnetostrictive
transducer setup. 12.8mm wavelength copper coils were placed on top of the embedded,
one-ply deep iron cobalt foils. Again, the coils were placed as close to the leading edge of
the embedded foils as possible on the side that the foil was closest to the surface. Pulseecho tests were run in two different orientations: a ‘90° orientation and a ‘0°’ orientation.
The orientation refers to the fiber direction in which the ultrasonic waves are travelling.
Using the magnet, coil and foil combination, the pulse-echo test examined whether a
wave could propagate through the carbon fiber composite plate and reflect off the
boundaries without significant signal attenuation. Front wall echoes and back wall echoes
were tested for using the 12.8 mm copper coil on either carbon fiber plate. Both the eightply and the sixteen-ply carbon fiber plates were tested using the same method described
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above. The 90° and 0° wave travel is shown in Figure 20 below. A photo of the
experimental setup in the vertical direction is shown in Figure 21.

Figure 20 - Ultrasonic wave travel direction in 90° vs. 0° orientation

Figure 21 – 90° Orientation

The carbon fiber defect plate was also tested using the 12.8mm copper coil and
the rare earth magnet. Each of the three, iron cobalt embedded foils was tested
individually in pulse-echo mode. The coil and magnets were again placed on the side of
the carbon fiber plate where the foil was one ply deep. Because the transducers were
being used to test for the manufactured defects within the carbon fiber plate, each test
was only run in one orientation. The coils and magnets were oriented such that the waves
could propagate and reflect off of the defects and the plate’s edges.
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LabView Software and Matec System Operation
The LabView software and the Matec system are the components of the
experiment that allowed the transducers to operate. The Matec system is a computer
consisting of several components that allow for ultrasonic testing. The pulser-receiver is
an integral part of the Matec system that allows the system to produce outgoing electrical
signals to the magnetostrictive transducer. In addition, the pulser-receiver receives and
amplifies returning electrical pulses from the transducers. The pulser-receiver is
connected to a digitizing oscilloscope within the system. The digitizing oscilloscope
converts analog signals from the pulser-receiver to digital signals that can be interpreted
by the LabView software. The LabView software is located the same system as the
Matec system. The Matec system will relay signals to the LabView software where the
oscilloscope and the pulser-receiver can be controlled. In addition to system control, the
computer allows the user to store and analyze ultrasonic transmission data.
Each copper coil was connected to a coaxial cable that ran to the Matec System.
The Matec system would send currents through the magnetic coil using the pulserreceiver in order to alter the magnetization of the iron cobalt foil. If the system were in
through transmission mode, it would send current through one copper coil, which would
be translated into ultrasonic waves within the material by altering the shape of the
ferromagnetic iron cobalt foil. The ultrasonic waves then traveled through the plate and
were received by the second coil as the passing ultrasonic wave packets affected the
second foil.
However, if the Matec system were in pulse-echo mode, current would be sent to
the coil, the iron cobalt foil would cause wave propagation. As the ultrasonic waves
spread through the plate, they would reflect off the plate boundaries and travel back to the
transducer. The iron cobalt foil’s shape would again be altered and the same coil that sent
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the original ultrasonic waves would interpret the change in the electromagnetic field.
Therefore, the Matec system was responsible for both through transmission testing and
pulse-echo testing. The connected transducer, the Matec system and the LabView
software are shown below in Figure 22.

Figure 22 - Plate connected to Matec system and Labview software

The LabView software was responsible for controlling the Matec system and
gathering the ultrasonic wave data. The LabView software was programmed to a number
of cycles at a specified frequency in either pulse-echo mode or through transmission
mode. Referencing Figure 23, the LabView software allows the user to change the rate at
which data is collected from the transducer (1), the voltage range in which the ultrasonic
waves are detected (2), the time, in microseconds over which the data is collected (3) and
the number of signals averaged together to create the waveform (4). Moving to the
options at the bottom of the workstation, the signal was always set to be controlled by N
Cycles, meaning the number of ultrasonic sine waves sent per current pulse within the
transducer (5). The excitation frequency was set in MHz (6) and the type of signal
reception was determined by the pulse echo or though transmission setting (7). The
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program hosted by LabView also allowed the user to view three separate data windows:
the averaged waveform (8), the Hilbert Transform (9), and the FFT magnitude (10). The
averaged waveform shows the received wave from the transducer while the Hilbert
transform shows the envelope of the averaged waveform, allowing the user to determine
the start, peak and tail end of the wave. Figures 24 and 25 depict the Hilbert Transform
Tab and the FFT magnitude tab respectively.

Figure 23 - Labeled LabView selections, averaged waveform display
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Figure 24 - Hilbert Transform

Figure 25 - FFT Magnitude
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Summary of Required Materials
The following tables provide a detailed list of all the materials required to recreate
the experiment. Table 2 provides a list of the materials required to recreate all of the
composite plates used in this experiment. Table 3 lists materials required to perform
ultrasonic testing on all four plates created in this experiment.
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Composite Design Needs
Table 2 - Materials needed to manufacture composite plates

Number of
Elements
8
8
16
8

Element Type

Use

Plate 1 – 406mm x 406mm” Gurit
ST94/QE1203 Glass Fiber Composite
Plate 2 – 508mm x 508mm Newport
301 Carbon Fiber Composite
Plate 3 - 508mm x 508mm Newport
301 Carbon Fiber Composite
Plate 4 - 508mm x 508mm Newport
301 Carbon Fiber Composite

8 Ply Glass Fiber Composite
Plate Quasi-isotropic Plate
8 Ply Carbon Fiber Composite
Quasi-isotropic Plate
16 Ply Carbon Fiber Composite
Quasi-isotropic Plate
8 Ply Carbon Fiber Composite
Quasi-isotropic Plate with two
simulated defects
Provides barrier between
Perforated Release Film and the
fiber composite plate as well as
a barrier between the Perforated
Release film and the Vacuum
Bag
Allows low pressure to be
formed around the entire fiber
composite plate
Allows low pressure to be
formed around fiber composite
plate
Seals Vacuum Bag around fiber
composite plate
Plate 1 – 2 Foils Embedded
Plate 2 – 1 Foil Embedded
Plate 3 – 1 Foil Embedded
Plate 4 – 3 Foils Embedded
To cut plies

8

558mm x 558mm Porous Teflon
Release Fabric

4

558mm x 558mm Perforated
ReleaseFilm

4

Vacuum Bag

N/A

Airtech Sealant Tape

7

38mm x 38mm Iron-Cobalt Foil

1

Utility Knife
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Ultrasonic Testing
Table 3 - Ultrasonic testing required materials

Number of Element

Element Type

Use

2

12.8 mm wavelength

Receives current from

meandering copper coil

Matec system, altering

transducers, 33mm x

electromagnetic field in

33mm

iron cobalt foil

Coaxial Cables

Send current to and from

2

copper coils.
2

Rare earth magnets

Initially magnetize the iron
cobalt foils

1

Matec System

Send and receive ultrasonic
signals

1

Computer

Host LabView Software

1

LabView Software

Interpret and analyze data
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Chapter 3
Results
The following results are presented with data followed by analysis and
interpretation for each fiber composite plate designed and tested within the experiment.
The ultrasonic measurements are recorded in the tables presented below. The data was
collected from A-Scans and Hilbert Transforms of their respective composite plates.

Glass Fiber Composite Plate
No usable data was collected from embedded iron cobalt foils in the glass fiber
composite plate. As described in the experimental methods, both pulse-echo tests and
through transmission tests were attempted on the glass fiber plate. First, pulse echo tests
were attempted on either embedded iron cobalt foils using the 12.8 mm wavelength
copper coil; however, no signal could be attained in a frequency sweep from .01 MHz to
5 MHz. Following the pulse echo tests on the embedded foils, both through transmission
tests and pulse echo tests were performed on surface mounted transducers. The through
transmission surface mounted foils were placed 3.4” (85mm) apart. Some signals were
obtained and the averaged waveform is shown below in Figure 26. The through
transmission A-Scan, shown in Figure 26, was performed at 0.19MHz using the 12.8 mm
wavelength copper coil.
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The following calculations confirm that a successful signal can be sent via surface
mounted through transmission.

CP = 12.8mm * 0.19MHz = 2.43 mm/μs
ToF = 85mm/(2.43mm/μs) = 35μs

According to these calculations, the average wave speed is 2.43 mm/μs through
the glass fiber composite. At an 85 mm travel distance, the wave should first be received
at 35μs. The A-Scan shown in Figure 26 shows the first signal being received at 35μs;
therefore, guided waves can be sent and received using surface mounted magnetostrictive
transducers.

Figure 26 - Averaged waveform for glass fiber through transmission

The pulse-echo tests then performed on the surface mounted foils produced
similar results. Two 1.5” x 1.5” iron cobalt foils were mounted on the surface of the plate,
one 4.5 cm from the edge of the plate and one 10.9 cm from the edge of the plate. Neither
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of the surface mounted foils produced any clean waveforms with distinguishable signal
reflections.
The signals could have been difficult to gather and distinguish for several reasons.
First, when attempting to glean signals from the embedded iron cobalt foils, there was at
least 0.04” and 0.08” of liftoff between the coil and the foil of the one ply deep foil and
two ply deep foil respectively. The liftoff between the coil and the foil could cause
significant signal degradation even if the iron cobalt foil absorbed a waveform.
Additionally, the quasi-isotropic characteristic of the material could have caused
significant signal scattering as the waves propagated through the material. This would
have not only affected any signals obtained from the embedded iron cobalt foils, but also
the signals from the surface mounted transducers. Thirdly, the thickness of the glass fiber
plate also may have caused significant signal attenuation. Because the plate was both
0.32” thick and quasi-isotropic, significant signal attenuation was likely; therefore, little
signals could be obtained from the glass fiber plate.
In addition to poor signal reception, a general dispersion curve or the material
properties of the glass fiber composite, specifically the stiffness matrix, were not
available either through the manufacturer or in any other media. Therefore, without the
stiffness matrix, the dispersion curve could not be generated for the glass fiber material
and the excitation frequency of the shear horizontal ultrasonic wave could not be found.
Because the ultrasonic waves were so quickly attenuated, no dispersion curve
could be generated, and no signal could be obtained from embedded transducers, the
tested material was switched from glass fiber to carbon fiber.
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Carbon Fiber Dispersion Curve Generation

Dispersion Curve Generation
In order to determine the excitation frequency of the shear horizontal wave mode
within the carbon fiber composite, a dispersion curve had to be generated. The dispersion
curve of the Newport 301 carbon fiber was created through a series of MATLAB
programs. The stiffness matrix based on the volume fraction of the carbon fiber was
created using Dr. Lissenden’s stiffness matrix prediction algorithm. The MATLAB input,
the stiffness matrix with the selected volume fraction, and the mass density algorithm is
included in the appendix. After the stiffness matrix had been predicted for the volume
fractions one through one hundred, the dispersion curve was predicted by plotting a series
of points. A program created by Huidong Gao and edited by Baiyang Ren generated the
dispersion curve. The algorithm solves for the eigenvalues of a system of equations for a
give frequency and then repeats this for frequencies of interest. The solution points fall
on curves that represent the different possible propagating modes. Associated with each
eigenvalue is an eigenvector that provides the transverse resonance information for each
mode at every frequency. The points created many distinct wave modes: the green
fundamental shear horizontal (SH0), the red fundamental symmetric mode (S0), the blue
fundamental anti-symmetric mode (A0), and many higher order symmetric and antisymmetric modes that have cutoff frequencies. The wave mode that this experiment was
attempting to excite was the SH0 wave mode. Dispersion curves for the both the eightply thick and the sixteen-ply thick carbon fiber plate were created and are depicted in
Figures 27 and 28.
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Figure 27 - Dispersion Curve for eight-ply carbon fiber plate in the 0° orientation

Figure 28 - Dispersion curve for sixteen-ply carbon fiber plate in the 0° orientation
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As discussed in the literature review, the activation line for a coil can be
determined by plotting a line using the following equation:

CP = λf
CP = (12.8mm)*f

The intersection of this line and the SH0 wave mode result in the excitation
frequency of the carbon fiber reinforced polymer using the 12.8 mm copper coil. The
intersection for both plate thicknesses occurs at approximately 0.25MHz, providing the
approximate excitation frequency for the carbon fiber composite plate. There was little
difference in the activation line intersection because there was little difference in the
dispersion curve, and specifically the SH0 mode, at lower frequencies.
Dispersion curve generation continued with the alteration of the composite’s fiber
orientation. Because carbon fiber plates one and two were tested in both the 90°
orientation and the 0° orientation, the 90° composite layup required two additional
dispersion curve generations. Similar to the difference in the eight ply and sixteen ply 0°
orientation, the intersection of the activation line occurred at approximately the same
location, 0.25 MHz. Differences in the dispersion curve cannot be noticed until higher
frequencies are assessed. The dispersion curves for both the eight ply 90° fiber
orientation and the sixteen ply 90° fiber orientation are shown in Figures 29 and 30.
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Figure 29 - Dispersion curve for eight-ply carbon fiber plate in the 90° fiber orientation

Figure 30 - Dispersion curve for sixteen ply carbon fiber plate in the 90° fiber orientation

Carbon Fiber Composite Plates
Using the known copper coil wavelength, 12.8 mm, and using any chosen
frequency can generate the frequency excitation line. For these graphs, 1 MHz was
substituted into the equation, plotting two points: the first at (0,0) and the second at
(1,12.8). The intersection of this line with the SH0 wave mode indicates the frequency at
which the plate will have a propagating mode. The line intersects the SH0 wave mode at
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.25 MHz; therefore, a range of frequencies, centered on .25 MHz, will yield the best
signals when being tested by the magnetostrictive transducers.
Significant usable data was collected from both the sixteen-ply and eight-ply
carbon fiber plate. Clear waveforms could be seen for all tests. All tests performed were
in pulse echo mode, with the 12.8 mm coil and magnet placed directly on top of the
embedded foil. The following data was gathered from both the 0° and the 90° tests. All
wave peak measurements were taken from the Hilbert Transform to maximize the
accuracy of the results. The results were gathered using LabView’s cursor function,
which allows the user to drag the cursor to the desired point, and then record the exact
numerical result.
The table of results for each test is included below. Three separate measurements
were performed for each visible wave packet: the time elapsed and distance traveled for
the beginning, middle (peak), and end of the signal. Following the time and distance data
collection, a wave speed calculation was performed by dividing time elapsed by the
distance traveled. The corresponding screenshot of each A-Scan and Hilbert Transform is
depicted in the sections below. The data collected from these signals is displayed in the
tables included later in this section. The number of cycles in the tone burst, coil
wavelength, and signal frequency is indicated in the upper left hand corner of each table.
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Sixteen Ply Carbon Fiber Plate

90° Orientation
Five peaks are distinguishable in most signals, indicating multiple reflections off
the front and back wall of the plate. The distances of the wave travel are indicated in
Tables 4 and 5. This analysis will identify the wave path corresponding to each peak. The
signal path depiction is shown below in Figure 31. The first peak is the echo off of the
closest wall to the transducer, or the front wall. The second peak indicates a back wall
echo. The third peak is a wave encountering the front wall, the back wall, and then the
transducer. The fourth peak is an even longer wave path: front wall reflection, back wall
reflection, front wall reflection, and transducer reception. The fifth and final peak that is
visible in all but the sixteen ply horizontal test indicates a wave path of the back wall
reflection, front wall reflection, back wall reflection, and transducer reception.

Figure 31 - Peaks according to their wave path in the 16 ply, 90° test
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Figure 32 - Sixteen ply A-Scan in the 90° fiber orientation

Figure 33 - Sixteen ply Hilbert Transform in the 90° fiber orientation

Figures 32 and 33 display the signal obtained from the 90° test on the sixteen-ply
carbon fiber plate. The peaks on the Hilbert Transform are labeled according to their
wave path described above. The first three signals are larger in amplitude due to shorter
wave paths. As the signal reflects off more walls and travels a greater distance, the signal
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becomes more attenuated. Peaks four and five significantly decrease in amplitude due to
a longer wave path, meaning increased signal scattering at every reflection and more
signal attenuation as the wave travels through the plate. The large signals 50
microseconds and earlier can be described as noise from the transducer ringing, or waves
bouncing off of the walls of the embedded foil.
The echoes are all believed to be from the SH0 mode since the excitation
frequency is below the cutoff frequency of all the other SH modes and the
magnetostrictive transducer should not generate S0 or A0 modes.
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0° Orientation

Figure 34 - Sixteen ply A-Scan in the 0° fiber orientation

Figure 35 - Sixteen ply A-Scan in the 0° fiber orientation
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Figure 36 - Peaks according to their wave path in the 16 ply, 0° test

Figures 34 and 35 show three easily distinguishable peaks and a possible fourth
peak occurring at approximately 413 microseconds. The peaks follow the same reflection
patterns described above, but rotated 90°. The wave travel path for the 0° orientation is
shown in Figure 36. The lack of fourth and fifth peak can possibly be attributed to the
waves travelling across the fibers in a different orientation. The fibers may be more
conducive to wave travel in the 90° orientation in the sixteen ply plate. Another possible
explanation is that the embedded foil may couple more effectively for wave propagation
in the 90° orientation, providing waves higher in amplitude.
The tables of results for both the vertical and horizontal tests are shown on Tables
4 and 5. The tables indicate that the wave path chosen is appropriate due to a consistent
wave speed approximation.
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Eight Ply Carbon Fiber Plate

90° Orientation
The five peaks observable in both the 90° and 0° fiber orientations follow the
same wave paths described in the sixteen-ply carbon fiber plate and are depicted below in
Figure 37.

Figure 37 - Peaks according to their wave path in the 8 ply, 90° test
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Figure 38 - Eight ply A-Scan in the 90° orientation

Figure 39 - Eight ply Hilbert Transform in the 90° orientation

The eight-ply carbon fiber plate produced four easily distinguishable signal peaks
decreasing in magnitude as time went on. Figures 38 and 39 depict the A-Scan and
Hilbert Transform of the eight ply plate tested in the 90° orientation. A possible fifth
peak occurred at approximately 526 microseconds. The signal seen in the 90 orientation
is an excellent signal, showing expected signal attenuation as time progressed.
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0° Orientation
Figure 40 depicts the wave travel path for the 0° orientation. There were five
wave paths observable in the A-Scan and the five wave paths are depicted below.

Figure 40 - Peaks according to their wave path in the 8 ply, 0° test
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Figure 41 - Eight ply A-Scan in the 0° orientation

Figure 42 - Eight ply Hilbert Transform in the 0° orientation
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Figures 41 and 42 depict the A-Scan and Hilbert Transform taken from the eight
ply plate in the 0° orientation. The eight ply signals yielded four distinct peaks; however,
the fourth signal peak occurred at approximately 491 microseconds, which was the time
of arrival of the fifth signal peak for all other tests. In addition the lack of one expected
peak, there was significant signal interference between 250 and 300 microseconds. A
possible unseen flaw within the material could explain this signal interference and lack of
an expected peak. A flaw would cause significant signal scattering that would prevent the
fourth peak from arriving and may cause an unexpected reflection.
The tables of results for both the 0° and 90° tests are included on the following
Table 6 and 7. The tables indicate that the wave path chosen is appropriate due to a
consistent wave speed approximation.
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90° Fiber Orientation Test
Table 4 - 16 ply ultrasonic test in the 90° fiber orientation
16 Ply
N-Cycles
Wavelength

90°

Corresponding Save File
1

12.8 mm

Time
Distance
(microseconds)
(mm)
Peak 1
83.38
276
Peak 2
203.54
654
Peak 3
302.45
979
Peak 4
407.08
1304
Peak 5
527.25
1682
Measured from Peak
Peak 1
100.54
324
Peak 2
218.26
702
Peak 3
321.25
1027
Peak 4
421.8
1352
Peak 5
543.05
1730
Measured from End
Peak 1
112.81
372
Peak 2
232.97
750
Peak 3
337.6
1075
Peak 4
434.06
1400
Peak 5
560.76
1778
Average Speed
Standard Deviation
*Measurements taken from Hilbert Transform
Frequency
Measured from

0.23 MHz
Beginning

Wave Speed
Hilbert
FFT
(mm/microsecond) Transform
Averaged Waveform Magnitude
3.310
2.4.15.30
2.4.15.28
2.4.15.29
3.213
2.4.15.30
3.237
2.4.15.31
3.203
2.4.15.31
3.190
2.4.15.32
3.223
2.4.15.33
3.216
2.4.15.33
3.197
2.4.15.34
3.205
2.4.15.34
3.186
2.4.15.35
3.298
2.4.15.36
3.219
2.4.15.36
3.184
2.4.15.37
3.225
2.4.15.37
3.171
2.4.15.38
3.219
0.039
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0° Fiber Orientation Test

Table 5 - 16 ply ultrasonic test in the 0° fiber orientation
16 Ply
N-Cycles
Wavelength

0°

Corresponding Save File
1

Frequency
Measured from

12.8 mm
0.228
MHz
Beginning

Measured from

Peak

Measured from

End

Peak 1
Peak 2
Peak 3
Peak 4
Peak 1
Peak 2
Peak 3
Peak 4
Peak 1
Peak 2
Peak 3
Peak 4

Time
(microseconds)
79.29
200.27
306.54
413.62
100.54
228.88
327.79
429.97
120.16
250.14
343.32
449.59

Distance
Wave Speed
Hilbert
Averaged
FFT
(mm)
(mm/microsecond) Transform
Waveform
Magnitude
266
3.355
2.4.15.1
2.4.15.3
2.4.15.4
670
3.345
2.4.15.1
983
3.207
2.4.15.2
1296
3.133
2.4.15.2
312
3.103
2.4.15.5
718
3.137
2.4.15.5
1030
3.142
2.4.15.6
1342
3.121
2.4.15.6
369
3.071
2.4.15.7
764
3.054
2.4.15.7
1078
3.140
2.4.15.8
1392
3.096
2.4.15.8

Average Wave Speed
Standard Deviation
*Measurements taken from Hilbert Transform
*Peak 4 is harder to distinguish

3.159
0.097
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90° Fiber Orientation Test
Table 6 - 8 ply ultrasonic test in the 90° fiber orientation
8 Ply
N-Cycles
Wavelength

90°

Corresponding Save File

Frequency
Measured from

0.25 MHz
Beginning

Measured from

Peak

Measured from

End

1
12.8 mm

Peak 1
Peak 2
Peak 3
Peak 4
Peak 5
Peak 1
Peak 2
Peak 3
Peak 4
Peak 5
Peak 1
Peak 2
Peak 3
Peak 4
Peak 5

Time
(microseconds)
79.29
202.72
305.72
404.63
526.43
99.73
219.07
321.25
421.8
539.51
111.99
232.97
335.15
434.88
562.4

Distance
Wave Speed
Hilbert
Averaged
(mm)
(mm/microsecond) Transform
Waveform
FFT Magnitude
268
3.380
2.4.15.9
2.4.15.10
2.4.15.11
662
3.266
2.4.15.9
979
3.202
2.4.15.12
1296
3.203
2.4.15.12
1690
3.210
2.4.15.13
316
3.169
2.4.15.14
710
3.241
2.4.15.14
1027
3.197
2.4.15.15
1344
3.186
2.4.15.15
1738
3.221
2.4.15.16
366
3.268
2.4.15.17
760
3.262
2.4.15.17
1077
3.213
2.4.15.18
1394
3.205
2.4.15.18
1788
3.179
2.4.15.19

Average Wave Speed
Standard Deviation
*Measurements taken from Hilbert Transform
*Peak 5 is harder to distinguish

3.227
0.052
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0° Fiber Orientation Test

Table 7 - 8 ply ultrasonic test in the 0° orientation
8 Ply
N-Cycles
Wavelength

0°

Corresponding Save File

Frequency
Measured from

0.23 MHz
Beginning

Measured from

Peak

Measured from

End

1
12.8 mm

Peak 1
Peak 2
Peak 3
Peak 4
Peak 5
Peak 1
Peak 2
Peak 3
Peak 4
Peak 5
Peak 1
Peak 2
Peak 3
Peak 4
Peak 5

Time
(microseconds)
80.11
203.54
308.17

*Measurements taken from Hilbert Transform
*Peak 4 does not appear
*Several interference signals

Distance
Wave Speed
Hilbert
Averaged
FFT
(mm)
(mm/microsecond) Transform
Waveform
Magnitude
264
3.295
2.4.15.22
2.4.15.20
2.4.15.21
662
3.252
2.4.15.22
976
3.167
2.4.15.23
1290
491.28
1688
3.436
2.4.15.23
98.09
312
3.181
2.4.15.24
223.98
710
3.170
2.4.15.24
324.52
1024
3.155
2.4.15.25
1338
509.26
1736
3.409
2.4.15.25
124.25
360
2.897
2.4.15.26
246.05
758
3.081
2.4.15.26
344.96
1072
3.108
2.4.15.27
1386
528.07
1784
3.378
2.4.15.27
Average Wave Speed
3.211
Standard Deviation
0.154
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Summary of Sixteen-Ply and Eight-Ply Results
Both the sixteen ply and eight-ply carbon fiber plates yielded very consistent
results with low standard deviations. This indicates that 12.8 mm wavelength ultrasonic
waves can propagate and reflect off the boundaries of carbon fiber plates less than 2 mm
in thickness. Because of the existence of measurable wave propagation and reflection,
these findings allowed further experimentation with the detection of defects within a
carbon fiber plate.
The actual measured wave speed was lower than the dispersion curve predicted
wave speed by approximately 0.2 mm/microsecond. This difference in wave speed could
be due to the ideal nature of the prediction from the dispersion curve. In reality, fibers in
the composite matrix could be misaligned or have many unseen discontinuities. These
properties may significantly slow the ultrasonic wave.
The ultrasonic wave penetration was over 1700mm for both plates except the 16
ply plate in the 0° direction. The 1700mm penetration indicates five reflections could be
seen. This penetration power suggests that defects could be detected by the same
ultrasonic wave mode. A summary table of the averaged wave speeds, their respective
standard deviations, and the ultrasonic wave penetration power is included on the
following page.
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Table 8 - Summary of ultrasonic test results for carbon fiber plates without defects

Plate
16 Ply 90° Fiber
Orientation
16 Ply 0° Fiber Orientation
8 Ply 90° Fiber Orientation
8 Ply 0° Fiber Orientation

Average Wave
Speed (mm/
microsecond)
3.219
3.159
3.227
3.211

Dispersion
Wave
Curve Wave Penetration
Speed
Power
(mm/
(mm)
microsecond)
3.421
1778
3.421
3.389
3.391

1392
1788
1784

Carbon Fiber Composite Plate with Defects

The following results were collected from the carbon fiber composite plate with
manufactured defects included. The results indicate that embedded magnetostrictive
transducers can detect defects; however, the placement of the defects in relation to the
plate boundaries caused constructive signal interference in each data collection. The
specific cause of the interference is explained with the presentation of each result.
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Wrinkle Defect Detection
The wrinkle defect was characterized by a rolled piece of carbon fiber tape that
was inserted between the fourth and fifth ply upon manufacturing. The wrinkle defect
was tested for using the same magnetostrictive transducers and was tested for in the 0°
fiber orientation due to the placement of the defect and foils in the construction of the
plate. The front wall, back wall, defect, transducer and wave path are labeled in Figure
43.

Figure 43 - Front wall, wrinkle defect, back wall, transducer, and wave path identification

The first peak was large in amplitude due to constructive interference from both
the wrinkle defect and the back wall. The defect was located approximately 92mm from
the transducer whereas the back wall was located 82 mm from the transducer. The signals
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constructively interfered to create the first observable peak. The second peak’s wave path
encountered the back wall, the defect and then the transducer. Although the first peak
made the existence of the defect difficult to prove, the second peak made the existence of
the defect apparent. The third peak’s wave path was a reflection off of the front wall and
then returned to the transducer. The fourth peak was characterized by a back wall
reflection, a front wall reflection, and a return to the transducer. The fifth peak yet again
reinforced flaw detection ability because the wave path was a front wall reflection, a
defect reflection, a front wall deflection, and a return to the transducer. The sixth peak
also characterized the wrinkle defect though a wave path of a back wall reflection, a front
wall deflection, a defect reflection, a front wall reflection and finally a return to the
transducer. The seventh peak’s wave path was unable to be determined because of the
uncertainty of the reflections encountered at a late time interval.
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Figure 44 - A-Scan of the wrinkle defect in the eight ply carbon fiber defect plate

Figure 45 – Hilbert Transform of the wrinkle defect in the eight-ply carbon fiber defect
plate
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Figures 44 and 45 show the A-Scan result and the Hilbert Transform result of the
wrinkle defect detection. The signal has significant noise in between each peak most
likely due to signal scattering from both the wrinkle defect and the edges of the carbon
fiber plate. Peaks 2, 5 and 6 were a result of wrinkle defect reflection and are much lower
in amplitude than any of the wall reflection peaks. This is to be expected because the
wrinkle defect will cause a reflection, but it also allows a portion of the wave to be
transmitted through the wrinkle, whereas a wall echo is a complete and total reflection.

Ply Backing Defect Detection
The ply backing ultrasonic defect data also contained approximately seven peaks
due to added reflections from the ply backing defect. The front wall, back wall, defect
and transducer are labeled in Figure 46.

Figure 46 - Front wall, ply backing defect, back wall, transducer, and wave path
identification
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Although there are approximately seven identifiable peaks in the signal, only the
first five peak’s wave path could be determined and measured. The first peak had a very
large amplitude, indicating that it was most likely caused from constructive interference
from both the back wall and the ply backing defect; however, the defect was able to be
characterized by the second peak. The wave path of the second peak was a back wall
reflection, followed by a defect reflection, and a return to the transducer. The third peak’s
wave path reflected off of the front wall and returned to the transducer. The fourth peak
followed and was characterized by a back wall reflection, a front wall reflection, and a
return to the transducer. The fifth peak also characterized the defect by reflecting off of
the front wall, the defect, the front wall again, and then returning to the transducer.
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Figure 47 - A-Scan of the backing ply defect in the eight-ply carbon fiber defect plate

Figure 48 – Hilbert Transform of the backing ply defect in the eight-ply carbon fiber defect
plate
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Figures 47 and 48 show the A-Scan and the Hilbert Transform of the backing ply
defect signals respectively. Peaks 1, 3 and 4 are indicative of total reflections due to an
encounter with one or multiple walls. Peaks 2 and 5, however, are ‘double peaked’
indicating that the wave most likely interacted with both the leading edge and the tailing
edge of the 25mm x 25mm ply backing. The peaks are also significantly smaller in
magnitude, indicating that only a partial reflection occurred when the wave encountered
the defect.

Control Signal Test in the Carbon Fiber Defect Plate
The control signal test was performed in the center of the defect plate and was
performed in order to ensure signals could be sent without defect interference; however,
two small interference signals were received between the three identifiable wave paths.
The front wall, back wall and transducer are identified below in Figure 49.

Figure 49 - Front wall, transducer and back wall identification
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The first peak is characterized by a constructive interference from both the front
wall and the back wall of the plate. The second large peak indicates a front wall
reflection, back wall reflection, and a return to the transducer. The third large peak
indicates a front wall reflection, a back wall reflection, another front wall reflection, and
a return to the transducer.

Figure 50 - A-Scan of the control signal in the eight-ply carbon fiber defect plate

Figure 51 – Hilbert Transform of the control signal in the eight-ply carbon fiber defect plate
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Three strong wall echoes were observed while two weak reflection echoes also
occurred. The A-Scan and Hilbert Transform showing these peaks can be seen in Figure
50 and 51. It is unknown what caused the two small peaks in the signal; however, the
peaks may have been caused by reflections off of the transducer itself.
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Tables of Measurements
The tables of results for the wrinkle defect, the ply backing defect and the control
signals are included on the following Table 9, 10 and 11. The tables indicate that the
wave path chosen is appropriate due to a consistent wave speed approximation.

Table 9 - Ultrasonic test data for wrinkle defect
8 Ply
N-Cycles
Wavelength
Frequency
Measured
from

Wrinkle
Defect
1
12.8 mm
Time
(microseconds)

0.22 MHz

Distance
(mm)

Wave Speed
(mm/microsecond)

Beginning

Peak 1
Peak 2
Peak 3
Peak 4
Peak 5
Peak 6
Peak 7

55.59
142.23
224.8
300.82
372.75
462.67
543.6

184
445
734
971
1244
1485

3.310
3.129
3.265
3.228
3.337
3.210
0.000

Measured
from

Peak

Peak 1
Peak 2
Peak 3
Peak 4
Peak 5
Peak 6
Peak 7

71.93
156.95
244.41
317.98
390.74
476.57
561.58

230
503
794
1023
1304
1511

3.198
3.205
3.249
3.217
3.337
3.171
0.000

Measured
from

End

Peak 1
Peak 2
Peak 3
Peak 4
Peak 5
Peak 6
Peak 7

102.18
316
173.3
550
268.12
840
347.41
1073
419.35
1350
491.28
1583
577.93
Average Wave Speed
Standard Deviation

3.093
3.174
3.133
3.089
3.219
3.222
0.000
3.210
0.073

*Measurements taken from Hilbert Transform
*Peak 7 omitted because of uncertainty of wave travel distance
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Table 10 – Ultrasonic test data for ply backing defect

8 Ply
N-Cycles
Wavelength
Frequency
Measured from

Backing
Defect
1
12.8 mm
0.22 MHz
Beginning

Peak 1
Peak 2
Peak 3
Peak 4
Peak 5

Time
(microseconds)
56.4
140.96
222.34
298.37
386.65

Distance
(mm)
190
449
722
974
1210

Wave Speed
(mm/microsecond)
3.369
3.185
3.247
3.264
3.129

77.66
153.38
241.96
320.44
398.09

250
490
780
1027
1300

3.219
3.195
3.224
3.205
3.266

109.54
306
178.16
546
268.94
830
343.32
1077
428.34
1310
Average Wave Speed
Standard Deviation

2.794
3.065
3.086
3.137
3.058
3.163
0.128

Measured from

Peak

Peak 1
Peak 2
Peak 3
Peak 4
Peak 5

Measured from

End

Peak 1
Peak 2
Peak 3
Peak 4
Peak 5

*Measurements taken from Hilbert
Transform
*defect signals have two peaks making measurement difficult but defects apparent
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Table 11 - Ultrasonic test data for control signals
8 Ply
N-Cycles
Wavelength
Frequency
Measured from

Control

Measured from

Measured from

1
12.8 mm
0.22 MHz
Beginning

Peak 1
Peak 2
Peak 3
Peak 4
Peak 5

Time
(microseconds)
137.33
237.06
301.63
397.28
465.12

Distance
Wave Speed
(mm)
(mm/microsecond)
450
3.277
Unknown signal path
972
3.222
Unknown signal path
1582
3.401

Peak

Peak 1
Peak 2
Peak 3
Peak 4
Peak 5

158.58
252.59
319.62
412.81
479.84

500
3.153
Unknown signal path
1021
3.194
Unknown signal path
1544
3.218

End

Peak 1
Peak 2
Peak 3
Peak 4
Peak 5

197
570
2.893
268.12
Unknown signal path
346.59
1076
3.105
429.16
Unknown signal path
504.36
1592
3.156
Average Wavespeed
3.180
Standard Deviation
0.137

*Measurements taken from Hilbert Transform
*Peaks 3 and 4 were small and signal reflection location unknown

Summary of Carbon Fiber Defect Results
Both of the manufactured defects yielded very consistent results with low
standard deviations. This proves that wrinkle-like defects and ply backing defects can be
detected with embedded magnetostrictive transducers. The penetration power of the
magnetostrictive transducers was slightly less than the power of the transducers on plates
without defects. The powers were above 1500mm for both the wrinkle defect and the
control signal, while the ply backing defect had even less penetration power at 1300mm.
The weaker penetration power could be due to only portions of the wave passing though
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the manufactured defects. The defects can attenuate the signal significantly, causing less
penetration power overall. A summary table of the averaged wave speeds, their respective
standard deviations, and the magnetostrictive penetration power is included below.

Table 12 - Summary of ultrasonic test results for carbon fiber plate with defects

Test
Wrinkle Defect
Ply Backing
Control Signal

Average Wave
Speed
(mm/microsecond)
3.210
3.163
3.180

Dispersion Curve
Wave Speed
(mm/
microsecond)
3.391
3.391
3.391

Wave
Penetration
Power (mm)
1583
1310
1592
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Chapter 4
Conclusions and Future Studies

Conclusions
The research objective of this experiment was partially attained. Thick Gurit
ST94/QE1203 glass fiber composite plates proved to be too attenuative for ultrasonic
signals to be sent and received through the use of embedded iron cobalt foils in pulse
echo mode. The glass fiber composite plate tested had too much liftoff between the
copper coil and the iron cobalt foil in order for the deformation of the iron cobalt foil to
occur. Ultrasonic wave propagation in glass fiber composite is possible through the use of
surface mounted magnetostrictive transducers. The wave speed observed in the glass
fiber was 2.43 mm/μs. Because no usable data was obtained from the embedded iron
cobalt foils in the glass fiber composite and the stiffness matrix needed to calculate the
excitation frequency of glass fiber composite could not be found, the composite plate was
changed to carbon fiber.
Newport 301 carbon fiber composite evidenced that ultrasonic waves can
propagate and reflect off of material boundaries without significant signal attenuation.
Two separate plate thickness were initially tested to determine what plate thickness
yielded better results: eight-ply and sixteen-ply. The two plates were manufactured
without defects and tested each in two orientations. The 90° orientation provided a higher
quality signal in both tests, with the highest quality signal being collected from the eightply carbon fiber plate in the 90° orientation. Because the magnetostrictive transducers
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could observe multiple front and back wall echoes, a plate with intentional manufacturing
defects was created.
Testing continued on the carbon fiber plate with two manufactured defects: a plybacking defect and a wrinkle defect. The wrinkle defect was simulated with a rolled piece
of carbon fiber while the ply-backing defect was simulated with a 25mm x 25mm plybacking piece inserted between the plies. Both the wrinkle defect and the ply backing
defect were identifiable using the embedded magnetostrictive transducers; however, the
placement of the defects could have been improved because some of the reflection
signals interfered constructively. A third control signal test was performed on the same
carbon fiber plate where front wall and back wall echoes could be clearly seen in the AScan. A penetration power of 1.78m was observed in the carbon fiber plate without
defects at a frequency of 0.23MHz. Higher penetration power was observed in the carbon
fiber composite plates without defects, presumably because the manufactured defects in
the third composite plate attenuated the signal, reducing the penetration power.

The successful signal reception, boundary echoes, and defect detection in carbon
fiber prove that magnetostrictive transducers are a viable method for testing carbon fiber
products in both quality assurance and structural health monitoring. Embedded iron
cobalt foils have the potential to be embedded within the plies of manufactured carbon
fiber products in order to test for the existence of flaws upon manufacture and over the
life of the product.
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Future Studies
There are several possible directions for future study of the use of
magnetostrictive transducers in carbon fiber composites. The first would be to continue
testing the existing plates with different wavelength copper coils. A 12.8 mm copper coil
is a relatively large wavelength for a magnetostrictive transducer. As the wavelength of
the copper coil is decreased the excitation frequency of the coil increases. Higher
frequencies are more sensitive to defects within a material; therefore, small flaws could
be detected within the carbon fiber. The only drawback to a higher frequency transducer
is that higher frequencies are attenuated more quickly than lower frequencies. The
experiment could be improved by experimenting with multiple wavelengths in order to
determine the best wavelength to determine flaws within the carbon fiber plate.
A second area of future study would be to test the detection of different types of
flaws. This experiment successfully detected a wrinkle defect and a ply-backing defect,
but there are many other types of defects that can be created in manufacturing or in
service. Experimentation could continue with the incorporation of other types of defects
in a carbon fiber plate and seeing if they are identifiable using magnetostrictive
transducers.
Future study could also continue in using embedded magnetostrictive foils in
components other than carbon fiber plates. Carbon fiber is often manufactured in curved
components. Composite study would highly benefit from studying wave propagation and
reflection along the boundary of curved surfaces.
There are many opportunities for the use of embedded magnetostrictive
transducers in carbon fiber composites. This experiment proved they could be embedded
and used for purposes of flaw detection and non-destructive evaluation. There are many
possibilities for future studies in non-destructive testing of carbon fiber composites.
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Appendix
Table 13 - MATLAB input values for dispersion curve generation

Parameter

8 Ply Input at 0°

Number of Layers
Number of
Elements
Layup Theta Order

8
1

Frequency Sweep
(MHz)
Volume Fraction
Mass Density
(g/cm^3)

0 45 90 -45 -45
90 45 0

8 Ply Input at
90°
8
1

16 Ply Input
at 0°
16
1

16 Ply Input
at 90°
16
1

0.01 - 5

90 -45 0 45 45 0 45 90 -45 0
0 -45 90
45 90 -45 -45
90 45 0 -45 90
45 0
0.01 - 5
0.01 - 5

90 -45 0 45 90
-45 0 45 45 0
-45 90 45 0 45 90
0.01 - 5

53
1.5

53
1.5

53
1.5

53
1.5

Table 14 - Stiffness Matrix

E1=122.3
Stiffness
Matrix
Calcualtion
1/E1
-v12/E1
-v12/E1
0
0
0

E2=10.17

G12=3.354

V12=0.2612

V23=0.4337

G23=3.547

-v12/E1
1/E2
-v23/E2
0
0
0

-v12/E1
-v23/E2
1/E2
0
0
0

0
0
0
1/G23
0
0

0
0
0
0
1/G12
0

0
0
0
0
0
1/G12
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