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CHAPTER 1
INTRODUCTION

1.1 Background Information

A composite is characterized as the combination of two or more constituent
materials to create a useful third material (Jones, 1999). These constituent materials can
differ greatly from one another in mechanical, electrical, thermal, and other material
properties. Properties that can be improved are: strength, fatigue life, stiffness, corrosion
resistance, weight, electrical conductivity and thermal conductivity (Jones, 1999).
However, when these constituents are combined, a new material is created that can
exhibit the best qualities of their constituents and even properties that were not present in
the constituents by themselves (Jones, 1999). The combination of different materials
will not always create a flawless material. While there may be improvements in
particular properties, it will be at the expense of others. This is why the goal is to create
a composite material possessing characteristics that are necessary to perform the desired
task.

Whether we realize it or not, today’s world is surrounded by composite materials.
From the plywood used to enclose our homes to the composites used in aircraft that we
use to travel the country, to the equipment used to play sports. The idea of combining
different materials is not a new one at all. For example, around the 11" century, North
African civilizations constructed homes from a mud, straw, and grass combination. This
combination of different materials came to be known as cob. Today this material is still
being used to construct homes due this combination’s sustainability and insulating
properties (Mud, 2010). It is this idea of combining materials that provides the

motivation to create new composites.
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Today, composites differ greatly from the mud and straw combinations of the
past. The development of composite materials has begun a revolution in the application
of such materials. The high stiffness and strength to weight of fiber ratio as well as
mechanical and environmental properties have made composite materials increasingly
popular as substitutes for commonly used pure materials (Swanson, 1997). The
composite can also aid in the performance of structures or systems, as the designer has
the freedom to choose specific fibers, matrix material and orientations to suit the
application. Composites today are commonly classified into four groups: fibrous,
laminate, particulate and combinations of the three (Jones, 1999). Fibrous materials are
those that use many small diameters (um) of fibers bounded by a matrix. These fibers
can be materials such as beryllium, boron, carbon, graphite, steel, and aluminum (Jones,
1999). In these types of composites, the matrix material is just as important as the type of
fiber when determining the material properties. An example of such a material is
fiberglass as used in such applications as boats and older automobile bumpers. Here a
polymer matrix is used to unite millions of fine glass fibers. The laminate consists of at
least two or more materials that are bonded together to form a single material. A
commonly used example of this type of material is plywood. Plywood is many different
types of wood and thicknesses bonded together to form one piece. This allows the
material to exhibit qualities that are not present in a single piece of the same dimensions.
As the name suggests, particulate composites are composed of particles dispersed within
a matrix. A common example of this type of composite is concrete, which consists of
gravel, limestone or granite and sand combined in a cement matrix. The final
classification for a composite is a combination of fibrous, laminate and particulate. An
example of this type of material could be many layers of fibrous materials laid on top of
each other to form a laminate.

Due to advancements in production, composites have been seen in many different

industries over recent years. These areas include aerospace, military, automotive,
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sporting goods and energy, to name a few. Composites were first given the opportunity
to display their effectiveness in aerospace and military applications. Composites are
naturally an appropriate replacement for traditional materials used in aircraft design due
to low weight and high strength characteristics. It has been stated that, “Composites are
the most important materials to be adapted for aviation since the use of aluminum in the
1920s” (Composites, 2010). This is emphasized by the fact that the heavier an aircraft is,
the more fuel it will burn, making weight reduction a critical design consideration.
Military aircraft were the first to utilize composite materials in large quantities, mainly
due to manufacturing costs and aircraft maintenance procedures. For example, the VV-22
Osprey tilt-rotor aircraft utilizes IM6/3501-6 carbon-fiber for 41% of the primary
structure and an additional 8% is fiberglass (Swanson, 1997). This design concept was
realized in the commercial sector as early as the 1950s with the Boeing 707 passenger jet.
This aircraft incorporated fiberglass in about 2% of the structure (Composites, 2010).
This, however, was just the start for Boeing with composite materials. Later models such
as the Boeing 777, which is a 400-passenger commercial aircraft, comprises
approximately 10% composites by weight with aluminum making up the majority of the
remaining material (Swanson, 1997). This utilization of composites has taken another
step, in Boeing’s latest line of passenger aircraft, the 787 Dreamliner. The Dreamliner
will incorporate as much as 50% by weight composite materials, allowing the aircraft to
use 20% less fuel than similarly sized planes (Boeing, 2010). It is these implementations
of composite materials that have driven a migration to other industries such as

automotive and, sporting goods, as well as our infrastructure.

1.2 Literature Review

Over the last several decades, much effort has been focused on improving

mechanical properties (e.g., strength-to-weight and stiffness-to-weight ratios) through
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various modifications of the composite constituents. However, further improvements in
structure weight savings from composite materials are limited, and new transformative
paradigms are required for future technological advancements. One of the most recent
paradigms is centered around the concept of multifunctionality, which combines multiple
subcomponents performing unique functions (carrying load, sensing, control, shielding,
etc.) into a single multifunctional component that can result in a significant improvement
in overall system efficiency. Composite materials lend themselves naturally to the
concept of multifunctionality because of their multiphase nature and inherent
tailorability. At the same time, advancements in the design of the multifunctional
composite structures require significant strengthening of the scientific base and
expanding of our understanding of the complex interactions of multiple physical
phenomena in composites, which is the aspect that provides the desired
multifunctionality. Many of these phenomena result from multi-field interactions in
composites. Thus, studies of coupled electrical, magnetic, thermal, mechanical and other
field behavior in composites are critical in the context of multifunctionality.

The carbon fiber polymer matrix composites that constitute the focus of this work
consist of electrically conductive fibers and dielectric polymer matrix, and are electrically
anisotropic and conductive at the macroscale. Their electrical conductivity prompted
development of damage-sensing techniques that are based on monitoring of changes in
the electrical resistance that are a result of mechanical damage (Schulte et al., 1989,
Angelidis et al., 2005, Wang et al., 2006, Prasse et al., 2007, Chung et al., 2007). The
main focus of these studies was on accurate measurement of the composite’s electrical
resistance, which provides information on whether the composite has experienced
damage. The applied electric currents are usually in the microampere range and are
innocuous to the composites.

At the other end of the spectrum are studies on lightning striking a carbon fiber

polymer matrix composite (Ogasawara, 2010), where electric current is in the kiloampere
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range. The focus of those studies is on damage produced by the strike and on damage
tolerance of composite structures exposed to lightning strikes.

In the present work, the behavior of carbon fiber polymer matrix composites
subjected to steady electric currents up to 100 A is studied. This work is motivated by
studies of Telitchev et al. (2008a, 2008b) and Sierakowski et al. (2008), who investigated
the impact response of electrified carbon fiber polymer matrix composites and showed
that impact resistance of composites can be improved by subjecting them to electrical
load at the moment of impact. In the work of Telitchev et al. (2008a, 2008b), 32-ply
unidirectional AS4/3501-6 carbon fiber (AS4) polymer matrix (3501-6 epoxy) composite
materials were clamped down with a wooden fixture to prevent movement during impact
and to provide support for the application of electrical current and a magnetic field.

Here, wood was also selected to ensure that all current would pass through the composite
material. In an effort to reduce the contact resistance at the composite-copper interface,
many electrically conductive materials were investigated. Methods included: an
untreated composite-copper interface used as a control, 3M #5012-copper conductive
tape, 3M #05085 copper conductive tape, indium foil tape 99.99IN, 3M XYZ electrically
conductive tape, and Duralco 120 electrically conductive silver-filled epoxy (Telitchev et
al., 2008a). In this investigation, Duralco 120 was found to provide the best decrease in
electrical contact resistance. Once the contact resistance was lowered, a steady electrical
current of 0, 25 or 50 A was then applied to the composite specimen immediately before
and during impact. Preliminary results indicated that the application of current had a
significant improvement on the impact resistance of the composite specimens (Telitchev
et al., 2008b). Moreover, it was observed that the amount of impact load sustained by
the composite was dependent on the magnitude of the electric current. It was found that
larger current magnitudes resulted in higher impact load sustained by the composite

(Telitchev et al., 2008Db).
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Additional work performed by Sierakowski et al (2008) investigated the effects of
electrical current application to unidirectional and cross-ply carbon fiber polymer matrix
composites. The effects of current duration and reduction of contact resistance were of
concern. The steady current employed was also 0, 25 or 50 A, with this being limited by
the power supply used. The impact results on the electrified cross-ply composites agree
with the previous results on the unidirectional composites (Telitchev et al., 2008b). The
electrified composites were able to withstand higher impact loads when subjected to
short-term application of steady current than the non-electrified samples. Moreover, for
cross-ply specimens, electrified composites not only were able to withstand higher impact
loads, but also had reduced impact-induced damage.

The work of Sierakowski et al. (2008) also aimed at observing the behavior of
composites when subjected to prolonged applications of steady electric current. In these
experiments the composites specimens were subjected with steady electric current until a
steady-state temperature was reached. The composites were then subjected to an impact
load while current was still passing through the specimens. For a unidirectional sample,
this steady-state temperature of 35.94°C was reached in 24 min with a steady current of
25 A. In this case, the amount of impact load sustained was increased, but at the cost of
reduced absorbed energy resulting in failure. With longer current durations, it was
determined that the thermal effects suppress the effects of the electromagnetic coupling,
resulting in diminished impact resistance. Thus, it was concluded that the duration of the
current application and current-induced heating play an important role in the impact
behavior of electrified composites: short-term current application improved the impact
response of the tested composite plates and prolonged application of an electric current
appeared to have a detrimental effect on the composites. A heat transfer model for
electric current-induced heating in composites was proposed by Sierakowski et al.
(2008), and analytical and numerical (using finite element modeling) investigation into

the thermal heating effects was performed. Analysis showed that a prolonged application
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of steady electric currents results in large temperature gradients across the composite
plate. It was also determined that the non-uniform temperature distribution across the
composites observed in prolonged current applications is a result of the heat generated in
electric contact and is not due to the heat produced in current-conducting carbon fibers.
On the contrary, in short-term current applications, the temperature in the center of the
plate (impact location) is believed to be controlled by the Joule heat produced in the
fibers. There was no experimental work done that would confirm these findings.

Magnetic flux density was measured by a Gaussmeter with transverse and axial
field probes (Telitchev et al., 2008a). It was determined that the strength of the magnetic
field increases with an increase in the current density and at closer distances to the
electrical contact interface. The surface temperature of the composites was measured by
a non-contact thermometer. Here, it was found that the temperature quickly increases,
and then eventually reaches a steady state temperature.

Experiments carried out by Zantout (2009) aimed to further build on the previous
work. In addition to confirming the previous results of electrified impact, the electrical
characterization of cabron/epoxy composites was performed. Here, different types of
materials (AS4/3501-6 and IM7/977-2) of varying ply counts (8, 16 and 32) and fiber
orientations (unidirectional and symmetric cross-ply) were studied. Methods of reducing
contact resistance and developing a fully automated system were also explored. The
electrical contact resistance had proven to be the primary source of temperature
distribution in the composite plates subjected to electrical currents. The first goal of this
work was to examine different methods that could reduce electrical contact resistance at
the composite/copper interface. After experimental trials, a method was developed that
resulted in the lowest contact resistance. This method involves: (i) sanding the composite
area of electrical contact with 220, 440 and 600 grit sandpaper; (ii) cleaning the specimen
with acetone; (iii) treating contact edges with Duralco 120 with hardener and allowing

them to completely dry; (iv) lightly sanding treated edges with 600-grit sandpaper; (V)
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applying light coat of Duralco 120 without hardener to contact edges. This process was
found to produce consistent contact resistances (Zantout, 2009). Additionally, light
pressure was used to “clamp” the copper bus bar to the composite, further reducing
contact resistance. Furthermore, periodic sanding of the copper bus bars was done to
remove corrosion buildup.

Further advancements included developing a completely automated system to
apply steady electrical current and real-time measurements of voltage, current, resistance
and surface temperature. This set-up allowed for complete control of the sample rates,
current magnitude and duration. In addition, all data was outputted in an EXCEL format
for post-processing. Advancements were also attempted to further investigate the
temperature distribution in the composite plates. Here, five k-type thermocouples were
attached to the composite surface near the contact interface to approximately the middle
of the composite plate. However, problems were found in consistently attaching the
thermocouples to the surface. Lack of secure connection resulted in poor thermal
conductivity between the surface and the thermocouple. This resulted in inconsistent
surface temperature measurements. However, it was noted that one thermocouple did
provide sufficient results for analysis.

The following conclusions were reached (Zantout, 2009). Electrical resistance of
the composites was found to decrease with an increase in current magnitude.
Furthermore, the resistance was found to monotonically increase with time. Moreover, it
was found that an increase in the current magnitude, duration, or electrical resistance
resulted in an increase in the surface temperature. A concise report of the electrical
characterization results on AS4/3501-6 and IM7/977-2 composite laminates along with
the analysis of these results is reported by Zantout and Zhupanska (2010).

The final portion of this work (Zantout, 2009) was to investigate the effects of
low-velocity impact on electrified composites. Here it was found that the electrification

increased the peak load and the amount of absorbed energy in AS4/3501-6 composites,
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regardless of ply count and fiber orientation. The results of electrification for IM7/977-2
composites were found to be inconclusive due to the majority of cases resulting in 3%
reduction in peak load and absorbed energy.

The focus of the present thesis is on the experimental study of the electrical and
thermal behavior of IM7/977-3 unidirectional and symmetric cross-ply carbon fiber
polymer matrix composites subjected to time-varying and steady electric currents.
Results on the electrical behavior include electrical resistance as a function of electric
load and time and voltage-current characteristics, whereas results on the thermal behavior
are mostly concerned with the temporal and spatial temperature distributions, as well as a
discussion on heat transfer mechanisms in the electrified composites. Moreover, a new
experimental set-up for electrical and thermal characterization of composites subjected to
highly dynamic electrical loads was developed as a part of this thesis. This set-up
includes the possibility for coordinated application of electrical and impact loads with

millisecond time delays between electric current and impact load applications.

1.3 Thesis Objectives

This thesis had four objectives to be achieved. The first objective was to study
the electrical response of 32-ply IM7-977-3 unidirectional and symmetric cross-ply
carbon fiber polymer matrix composite materials while being subjected to relatively high
(up to 100A) electrical currents. The electric currents applied were a time-varying sine
wave-form current and steady current. The sine wave-form current was applied under
different minimum, maximum and therefore average currents, as well as varying
frequencies. The goal was to investigate the effects of electric current magnitude,
frequency and duration on the electrical resistance of the composites and their voltage-

current characteristics.
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The second objective of this thesis was to study thermal response of the electrified
32-ply IM7/977-3 unidirectional and symmetric cross-ply carbon fiber polymer matrix
composites via direct measurements of the temperature at the surface of the electrified
composite specimens. The goal was to investigate the electric-current-induced heating in
the composites and elucidate the effects of resistance and electric current intensity,
duration and shape in the thermal response of the electrified composites. As noted
earlier, vast amounts of research have been conducted on composite materials. The
majority of such research is focused on the damage incurred and the failure modes.
However, very few have been concerned with the electrical and thermal response of
electrified composites.

The third objective was to design and build a fully automated experimental set-up
for real-time measurements of the electric current, resistance, voltage, and temperature in
carbon fiber polymer matrix composites, which would allow for the previous two
objectives to be completed. This objective included researching equipment such as data
acquisition units, temperature measurement devices, and power supplies. Moreover,
programming of this equipment had to be performed to ensure that all equipment would
be synced together to allow for a completely automated system. Additionally, an
experimental procedure needed to be developed to allow for all experiments to be
repeated in a consistent manner.

The final objective was to create a system capable of generating an electric
current and time-coordinated impact application to the composite specimens with a time
resolution of < 100 ms for future low-velocity impact testing. This unit needed to be
capable of initiating an impact at a set time during an application of current with minimal

alternation of the impact tester.
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CHAPTER 2
EXPERIMENTAL SET-UP AND EXPERIMENTAL
PROCEDURES

2.1 Experimental Considerations

There were three main considerations in the electrical and thermal
characterization that needed to be addressed: (i) effective current application, (ii) surface
temperature measurement, (iii) and a reduction in contact resistance.

This work builds upon the accomplishments of Telitchev et al. (2008b),
Sierakowski et al. (2008), and Zantout (2009), who studied electrified carbon fiber
polymer matrix composites subjected to steady currents. The experimental set-up is a
further development of the experimental set-up presented by Zantout (2009), with
alterations allowing application of time-varying electric current, more accurate
measurements of thermal response of the composites due to electric-current-induced
heating, and conducting low-velocity impact tests, which are time-coordinated with
electric current applications.

Once the set-up was created, electrical characterization experiments were
conducted to understand the effects of time-varying current amplitude, frequency and
wave shape on the composite before any impact testing could be conducted. This was an
important step in the experimental procedure because it was found that changing the
frequency or the shape of the electric load altered the output current of the power supply.
Second, a new experimental set-up needed to be developed to allow for the real-time
measurement of the temperature distribution across the composite surface. The new set-
up was modeled on the set-up that was used previously and utilized five k-type
thermocouples connecting directly to the surface of the composite (Zantout, 2009). This

set-up needed to be revised due to difficulties in accurately measuring the surface
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temperature. The last electrical consideration was reducing the contact resistance at the
composite/electrode interface. This reduction in contact resistance would allow for

increased current magnitude and duration.

2.2 Contact Resistance

One of the biggest obstacles of previous works (Sierakowski et al., 2007,
Telitchev et al., 2008b, Zantout, 2009) was the issue of contact resistance at the interface
of the composite and the copper bus bars. The result of contact resistance is excess
heating of the composite. This excess contact resistance heating can cause irreversible,
detrimental changes in the material properties of the composite. This also limits the
magnitude and duration of current that can be applied to the composite during tests, and

therefore needs to be minimized.

2.2.1 Causes and Effects of Contact Resistance

This section discusses the causes and effects of contact resistance. Contact
resistance is created when two or more electrically conductive materials are brought
together and electric current is transferred through them. Contact resistance is due to a
number of factors such as small contact area, surface roughness, surface corrosion,
dissimilar material electrical resistance and contact surface hardness to name a few.
However, the driving force behind most contact resistance studied has been the surface
roughness of the two materials. This asperity, or roughness, can vary from large visible
surface deformities or inconsistencies down to the atomic scale (Braunovic, 2007). The
level of the asperity has a direct effect on the amount of contact area that exists between
the two materials. The locations for current to pass through in the contact area are known

as “a-spots” (Braunovic, 2007). These “a-spots” are small when compared to the contact
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area, so current encounters resistance to pass through to the other material. This current

flow resistance and limited contact area can be seen in Figures 2.1 and 2.2 respectively.

SURFACE A

: |
INTERFACE - 6 /, & 7

T~

CURRENT FLOW

SURFACE B

Figure 2.1: Current Flow Resistances (Braunovic, 2007)

Contact paint

Figure 2.2: Limited Contact Area (Sunstone Engineering, 2010)
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Contact resistance consists of two components, the film resistance and the
constriction resistance. This relationship can be seen in Equation 2.1 (Joshi, 2004).

R=R_ +R, 2.1)

Here, R, R and R; are the contact, constriction and the film resistance, respectively, in
ohms. The film resistance is defined as a substance or external layer on the contact
surface that has different properties than those of the underlying contact surface (Joshi,
2004). This film resistance could be corrosion, grease, dust, or oxides that have formed
on the contact surface (Joshi, 2004). In the case of the composite samples, the film
resistance can be assumed to be negligible. The constriction resistance is caused by the
contact between the composite and the copper bus bars. This resistance is present
because the contact is discontinuous since the fibers are conductive, and the polymer
matrix is dielectric (Sierakowski, 2008), and there are contact surface irregularities. The
constriction resistance depends on the hardness of the contact members and the contact
pressure as expressed in Equation 2.2 (Joshi, 2004).

R =k¢ —1°FH (22)

Here ¢ is the resistivity of the contact material in ohm-cm, H is the hardness of the
contact surface in N/mm?, F is the contact force in MN, and K is a constant whose value
is approximately 100.

This resistance is what ultimately causes heating to occur at the contact interface
of the materials. The relationship of contact resistance and heat generation can be seen in

Equation 2.3 (Sierakowski et al., 2008).
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g, =—- (2.3)

In this equation, I is the current passing through the contact surface, A is the contact area,
and R is the contact resistance. It can be seen that a reduction in the contact resistance or
an increase in the area can have a significant reduction in the amount of heat generated at
the interface. Since the areas of the composite samples are fixed, a reduction in the

contact resistance is what was addressed.

2.2.2 Contact Resistance Reduction Techniques

In this section, techniques to lower contact resistance are evaluated. The primary
goal in reducing the contact resistance between two materials is to increase the contact
area and therefore increase the size and number of “a-spots”. There are many different
ways of reducing the contact resistance between two materials. The contact resistance
can be decreased through any technique that increases the surface contact between the
two materials (Slade, 1999). Some suggested techniques and processes are
electrodeposition (electroplating, electroless plating) and cladding (Braunovic, 2007).
Other techniques include compressive forces, conductive epoxies and conductive
silicones/grease. To determine which technique would be used, the proposed suggestions

were investigated to determine the feasibility of using them in the lab setting.

2.2.2.1 Electrodeposition

Electrodeposition is a process in which electric current is carried across an
electrolyte and a substance is deposited at one of the electrodes (Mohler, 1969). This

substance is commonly silver, copper, tin, and gold. The deposition of these materials
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onto another material can aid in corrosion resistance, surface hardness and increased
electrical conductivity. Electroplating and electroless plating are both processes that
describe how the electrodeposition process is taking place. Electroplating uses external
electricity to carry out the plating process while electroless uses the deposited metal as a
catalyst to fuel the reactions (Mohler, 1969). These processes can create surfaces that are
electrically conductive. These surfaces will aid in the increase of “a-spots” to decrease
contact resistance. This process would not be able to be carried out in the laboratory

because of the complex equipment involved, making it not a feasible choice.

2.2.2.2 Cladding

Cladding is covering the contact area of the samples with a material that possesses
superior electrical conductivity, such as copper, silver, or nickel (Braunovic, 2007). This
technique allows for an efficient transfer of electrical current to the composite samples,
thus lowering the contact resistance. However, to secure the cladding to the samples
compressive forces would be required to ensure that the cladding is properly adhered to
the edge of the sample. These forces could cause changes in the properties of the

samples that may alter the response of the composite during testing.

2.2.2.3 Compressive Forces

As shown previously in Equation 1.2, the contact force, F, can increase the
electrical contact. By increasing the contact force, a greater contact area can be created.
This contact area is created by forcing the irregularities to come together and produce a
flatter and larger contact surface. Greater contact area results in more “a-spots” and thus
reduced contact resistance. However, one drawback of increasing the force at the contact

interface is that bending forces and stresses are introduced that were not present to begin
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with. Because a continuation of this work will be impact testing, additional forces and

stresses could be detrimental and affect the impact results of the composites.

2.2.2.4 Conductive Epoxy, Silicone and Grease

Use of conductive epoxy, silicone, and grease was the last contact resistance
reduction method that was investigated. In previous works, conductive epoxy was used
at the contact interface to improve the contact resistance. This was found to increase the
contact area and electrical conductivity and, therefore, reduce the contact resistance
(Zantout, 2009). To build on these findings, conductive epoxies as well as silicones and
greases were investigated. Silicones and greases were researched because they offered
the ability to flow. This flow would allow for the substance to fill the voids of the
contact interface and thus further decrease the contact resistance. Additionally, these
techniques are also easy to apply in the laboratory setting as elaborate equipment is not
necessary.

Experimental testing of different epoxies, silicones and greases provided feedback
for the best method of reducing the contact resistance. In these experiments, the
conductive epoxy used in the previous work proved to be the best choice for reducing the
contact resistance. The silicone and grease produced a reduction in contact resistance,
but not at the levels of the conductive epoxy. Therefore, conductive epoxy was verified
as the best method for contact resistance reduction and chosen for the experiments carried

out.

2.3 Experimental Set-Up for Testing Composites Subjected
to Steady Electric Currents

This section describes the experimental set-up that was previously developed and

used for the electrical characterization of carbon fiber polymer matrix composites
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subjected to steady electric currents. Also, the type of equipment used and descriptions

are provided.

2.3.1 Electrical Characterization for Steady Currents

For the electrical characterization of carbon fiber polymer matrix composites, a
fully automated steady current set-up was developed at The University of lowa by
Zantout (2009). The set-up consisted of a power supply, data acquisition switch unit,
computer, precision electrical shunt, test fixture and five k-type thermocouples. The
entire system of hardware was controlled by Agilent’s VEE Pro 8.5 software. This
software provided control of the magnitude and duration of the current applied to the
composite specimens and defined the sampling rates of the data acquisition system for

electrical and thermocouple measurements (Zantout, 2009).

2.3.1.1 Power Supply

The power supply used was an Agilent 6692A 6600 watt model. This power
supply is capable of 110 A and 60 V of DC (steady) current application. The 6692A also
has a precision programming accuracy of 0.04% +60 mV and 0.1% + 65 mA on the
voltage and current, respectively, when operated at 25°C +5°C (Agilent, 2010). The
power supply was chosen because of its high current output, and because it allowed for

automated control via a GPIB connection directly to a computer.

2.3.1.2 Data Acquisition

The data acquisition switch unit used was an Agilent 34970A. The 34970A is

capable of high precision, 6 1/2 digits (22-bit), and up to 250 channels per second scan
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rate (Agilent, 2010). This switch unit also allowed for direct measurements of DC/AC
voltage and current, resistance, frequency, period, B, E, J, K, N, R, S, and T type
thermocouples, thermisters, and RTDs (Agilent, 2010). This data acquisition unit was
used to determine the current supplied to the composite and electrical resistance of the
composite specimen by means of Ohm’s law as well as to measure and record the

temperature from the five k-type thermocouples.

2.3.1.3 Precision Electrical Shunt

The current applied to the sample was determined by measuring the voltage drop
across the electrical shunt and then using Ohm’s law to determine the current. The
Deltec MKB-100-200 precision electrical shunt was used. This shunt was rated at 100
mV and 200 A, resulting in a constant resistance of 0.5 mQ from 0 to 200 A (Deltec,
2008). The electrical resistance of the composite was determined by measuring the
voltage drop across the sample and using Ohm’s law once again with the previous
determined current to find the resistance. The data acquisition was also used to measure
the output signal from the five k-type thermocouples and convert it into the

corresponding temperature of the composite surface.

2.3.1.4 Test Fixture

In order to secure the composite specimens during electrical and impact
characterization, a fixture needed to be developed. The fixture needed to be capable of
bench-top testing as well as fit into the impact-testing fixture. Due to the samples being
electrified, a fixture needed to be designed that would ensure that all current passed
through the composite samples and not through the fixture itself. This was accomplished

by using wood as the construction material, as it is a non-conductive material. The
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fixture also had to meet the impact requirements in accordance with ASTM standard
D5728-07, ASTM standard D3763-06, and NASA’s Standard Tests for Toughened Resin
Composites. With these standards, a custom test fixture was designed and constructed.

This fixture can be seen in Figure 2.3.

(b)
Figure 2.3: Test Fixture (a) Modeled in ProEngineer® (b) Fabricated (Zantout, 2009)

Following the standards mentioned previously, the fixture was to allow the composite to

be clamped by compression perpendicular to the composite plies (ASTM, 2006). The
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composite also needed to be clamped around the entire perimeter of the composite
sample with at least one half of one inch overlay for clamping (ASTM, 2007). Lastly, the
fixture was to allow the sample being tested to be placed in a NASA impact test stand.
This stand exposes a five inch square area to be impacted by the tup impact head (ASTM,
2006). As seen in Figure 2.1, this test fixture is designed to fit into the impact-testing
machine fixture. To allow the fixture to be used on the bench, a special mount was
designed and constructed to allow the sample to be securely clamped for electrical

testing. This bench-top mount can be seen in Figure 2.4.

(a) (b)
Figure 2.4: Bench-top Mount (a) Alone (b) With Fixture (Zantout, 2009)

It can also be seen in Figure 2.3 that to provide the electric current to the composite
specimens, copper bus bars connected by heavy gauge wire to the power supply were
used to complete the electrical connection to the entire length of the contact area. The

dimensions of the copper bus bars used were 152.2 x 101.6 mm (6 x 4 in) with a
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thickness of 9.5 mm (3/8 in). These dimensions were chosen based on the results from
FEM modeling (Zantout, 2009). The copper bus bar material properties can be seen in
Table 2.1. Maple and plywood were used on the base and middle plates, respectively, to
ensure that all current passed through the composite sample, while aluminum was used

on the top to provide structure rigidity (Zantout, 2009).

Table 2.1: Copper Bus Bar Material Properties

Density [kg/m°] 8700
Specific Heat [J/kg K] 380
Thermal Conductivity [W/mK] 401
Electrical Conductivity [1/Q™] 0.58x10°

2.3.1.5 K-Type Thermocouples

The thermocouples used were Omega k-type twisted and shielded thermocouple
wire. These thermocouples allow for a wide range of temperature measurements, -200° C
to 1250° C (-328° F to 2282° F) (Thermocouples, 2010). The shielding of the wire was
chosen to reduce the possibility of any noise or false readings due to the magnetic fields
created by the power supply during the experiments (Zantout, 2009). The thermocouples
were attached to the fixture by a special holder to keep the thermocouples secure to the
surface. This holder can be seen in Figure 2.5, while Figure 2.6 shows the complete

fixture with the thermocouple holder attached.
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All of the measurements and calculations were automated by a computer using
Agilent’s VEE Pro 8.5 software. The software enabled the user to control the current
applied to the composite and set the data acquisition rates of voltage, current, resistance,
and temperature measurements. The results of the calculations along with the time of
each measurement were exported to a Microsoft EXCEL spreadsheet where data analysis

could be performed. A schematic of the set-up can be seen in Figure 2.7.

Figure 2.5: Thermocouple Holder (Bottom View) (Zantout, 2009)
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Figure 2.6: Complete Fixture with Thermocouple Holder Attached (Zantout, 2009)
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2.3.2 Impact Testing Set-Up for Electrified Composites

Once the electrical experimental set-up was completed, impacting of the
composite samples could take place. The purpose of the impact stage of the experiments
was to investigate the effects of current application to the composite samples while they
were being impacted. Characteristics that were examined were impact energy, impact
load, and deflection (Zantout, 2009). These experiments would either confirm or
disprove that the material can withstand greater impact energies and loads when
electrified vs. non-electrified (Telitchev, 2008b, Sierakowski, 2008). The impact set-up
consisted of an impact tester, custom holding fixture, data acquisition, and signal

conditioning unit.

2.3.2.1 Impact Testing Machine

The machine used for impact tests was the Instron 8200 Dynatup impact tester.
This machine is a low-energy impact tester that was specifically designed for the impact
testing of plastics and composites. This machine is capable of performing impact tests in
many standards, such as ASTM 3763, Boeing 7620, NASA ST-1, and others. The
machine is capable of a maximum velocity of 4.4 m/s (14.5 ft/sec), and an impact energy
range of 1.356 J to 132.8 J (1ft-Ib to 97.9 ft-1b) (Dynatup, 2010). However, experimental
findings have shown the maximum impact energy to be 150 J (Zantout, 2009). This

impact tester can be seen in Figure 2.8.
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Figure 2.8: Instron 8200 Impact Tester (Dynatup, 2010)

To vary the impact energy and velocity, the height of the carriage and the weight
on the carriage are adjusted to produce the desired impact characteristics. The impact
tester was also fitted with the optional impact pneumatic rebound brake (Dynatup, 2010).
This rebound brake would ensure that only one impact was taking place on the composite
by preventing the impact tup from bouncing on the surface. The dimensions of this
machine are as follows: 406 mm (16 in) wide, 457 mm (18 in) deep, and a height of 2305
mm (90.8 in).

2.3.2.2 Test Fixture

The fixture used to secure the composite specimens for impact testing is the same

fixture used in the electrical characterization as described in Section 2.2.1.3 earlier.
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However, during impact testing, the thermocouples and thermocouple holder were

removed.

2.3.2.3 Data Acquisition and Signal Conditioner

The Instron 8200 machine also came with its own form of data acquisition and
signal conditioning. The data acquisition was used to collect data on impact energy,
impact load, deflection, and impact duration. The signal conditioner was used to remove
any noise present in the signal. The unit is specifically designed for use with the Instron
line of impact-testing equipment. The unit is capable of sample rates from 1.25 to 5 MHz
with built-in signal conditioning and filtering (Dynatup, 2010). The unit adds user-
friendly operations by incorporating many popular test standards with many preset
calculations already selected depending on the type of impact test that is selected. The
unit is used in conjunction with the Impulse ™ software supplied with the DAQ. This
software has the capabilities of generating plots of impact load, deflection, or any plot
that may be desired. The data acquisition unit can be seen in Figure 2.9 below. The unit
is triggered to start acquisition by a flag and photogate on the impact machine. The flag
is a two-pronged piece of metal attached to the falling carriage. The photogate is a beam
that remains fixed on the impact machine. Once the first prong on the flag passes
through the photogate, a signal is sent to the DAQ to begin sampling data. Next the
second prong on the flag passes through the photogate. Once the second prong has
passed through the photogate, the velocity of the falling carriage can be calculated. This
is done by knowing the width of the flag (distance) and the amount of time between each
passing of the photogate. All of these calculations are done just slightly before the
impact. The photogate can be adjusted by moving it up or down to compensate for

different material thickness. The flag and photogate trigger can be seen in Figure 2.10.
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To determine the absorbed energy and the impact load, a load cell is attached to
the bottom of the crosshead of the impact machine. The complete instrumented load cell
assembly includes a striker that is connected to a strain gage transducer (tup), which is
then attached to a mounting plate, which is finally attached to the bottom of the crosshead
of the impact machine. This instrumented load cell can be seen in Figure 2.11. A
consideration that needed to be addressed was the standard striker that is supplied with
the impact machine. This striker is 12.7 mm (0.5 in) in diameter with a hemispherical
shaped head made of steel. The problem with this striker is that it is electrically
conductive, which will pose a problem due to some samples being electrified during
impact. To overcome this obstacle, a special impact-resistant striker was used that was
also an electrical insulator. The striker chosen was constructed from DELRIN® material
with a flat head and 12.7 mm (0.5 in) diameter. The material has a Rockwell Hardness of
94 (HR 120), making it suitable for repeated impacts (DuPont, 2010). Both the standard
and the DELRIN® striker heads can be seen in Figure 2.12.

Figure 2.9: Impact Data Acquisition Unit
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Figure 2.10: Data Acquisition Trigger Flag and Photogate (Zantout, 2009)
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Figure 2.11: Complete Instrumented Load Cell Assembly
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(a) (b)
Figure 2.12: Impact Striker Heads: (a) Standard Steel (b) DELRIN®

2.4 A New Experimental Set-Up for Testing Composites Subjected to Time-Varying

Electric Currents and Impact Loads

2.4.1 Requirements for the Experimental Set-Up

The previous experimental set-up (as described in Section 2.2) could not be used
in the application of the time-varying electrical current due to limitations. One of the
clear limitations of the previous set-up was that it only allowed for the application of
steady currents. Because time-varying currents were desired, this was one motivation to
develop a new set-up. Furthermore, the previous set-up also did not give accurate or
repeatable results of the surface temperature distribution. Because the surface
temperature distribution was a crucial measurement in the experimental procedure, this
needed to be altered to allow for more accurate and consistent results. Moreover, the

speed of the data acquisition system was not capable of capturing a time-varying signal.
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Sampling rates for the previous set-up would only be capable of capturing the real-time
response of the composite subjected to a time-varying load at low operating frequencies.
Lastly, the system was unable to allow for a time-coordinated impact with the electrical
load. In previous work, this was done by simply estimating the time of current
application and manually releasing the impact carriage on the machine. These limitations
of this system are only because the design was intended for steady current applications
only and was not anticipated to be used in another manner.

The experiments carried out in this work involved the electrical characterization
of carbon fiber polymer matrix composites subjected to time-varying electric loads. The
electrical characterization involved four key measurements that were needed to
characterize the response to time-varying loads. These measurements include: current,
voltage, resistance, and surface temperature distribution. In order to effectively capture
these measurements, the experimental set-up needed to adhere to the following
requirements: (i) effective application of time-varying current; (ii) real-time
measurements of current, voltage, and resistance; (iii) real-time surface temperature
measurement; (iv) current and time-coordinated impact; (v) completely automated
system. To fulfill these requirements, a custom experimental set-up was developed to
complete the experiments in this work.

The set-up for the time-varying electrical characterization needed to be capable of
supplying high current to the tested composite samples, since it was noticed in previous
steady current studies (Sierakowski et al., 2007) that there was a direct relationship
between the impact response and the amount of current applied to electrified composite
samples. In the present work, the maximum electric current magnitude was also 100 A.
The maximum current magnitude was limited by the power supply used, which was the
same as in the work of Zantout (2009).

Although the increase in current magnitude has shown to have positive effects on

the impact response of electrified composites, the application of high current leads to
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large amounts of heat that is generated within the composite sample. Additionally,
heating is also a result of lower current magnitudes for extended application duration.
This heating is caused by contact resistance at the composite-copper interface and heating
within the fibers (Joule heating) (Slade, 1999). If excess heating is introduced, it has
been shown to have detrimental effects on the impact resistance of the composite
(Telitchev et al., 2008b). As a result, finding methods to lower the contact resistance was
an important step in the experimental set-up. This Joule and contact heating also made
monitoring the composite surface temperature crucial during experiments so the
composite samples would not be excessively heated and cause permanent damage to the
material. The use of time-varying electrical loads is proposed to have both the benefits of
improving the damage resistance of composites and reducing the detrimental heating
effects (Zhupanska, 2009).

A further requirement for the experimental set-up was to have the capability of
time-coordinated impacts. The set-up had to be capable of accurately and consistently
releasing the impact carriage. This time-coordinated impact required small time
increments (< 100 ms) related to the application of the time-varying electrical load.
Maintaining a time-coordinated impact with the application of electrical current ensures
that accurate data and relationships, if any, between the effects of time-varying electrical
load and impact could be established.

In order to satisfy the above requirements, two new experimental set-ups were
created: (i) electrical characterization (ii) and time-coordinated impact testing. The two
set-ups needed to have the ability to work together as well as independently from one

another.
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2.4.2 Time-Varying Electric Current Characterization Set-Up

The custom electrical characterization set-up included a function generator, power
supply, test fixture, data acquisition system, precision electrical shunt, and temperature
measurement. The complete electrical characterization set-up can be seen in Figure 2.13.
A few of the components of the time-varying electric current characterization set-up were
used from the previous steady electrical current characterization set-up. These
components include the computer, power supply, and shunt resistor, which are all
described in Section 2.2.1. The following descriptions and specifications only include

new components that were added to the time-varying electric current characterization set-

up.
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Figure 2.13: Time-Varying Electric Current Characterization Set-Up
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2.4.2.1 Test Fixture

To provide the electric current to the composite samples, a fixture needed to be
utilized to hold the sample in place for both electrical characterization and impact testing.
As well as being capable of bench-top and impact testing, this fixture needed to be
constructed of a non-electrically conductive material to ensure that no electrical shorts
were present to make sure all of the current would flow through the composite
specimens. The test fixture used in the steady electrical characterization tests was
examined to determine if it would be a suitable test fixture for the experiments to be
performed. After investigation it was found that the text fixture suffered from charring
and chipping of the wood surface. Furthermore, it was found that when placing the
composite sample in the fixture, the position had to be measured to ensure that each
sample was placed in the same position for every experiment. Moreover, it was
determined that in impact testing the copper bus bars could “jump” out of contact with
the composite, causing a momentary loss of current supply if not secured properly. These
discoveries led to a redesign of a testing fixture to accommodate electrical and impact
characterization requirements as described in Section 2.2.1.3. For bench-top testing, the
previous bench mount developed by Zantout (2009) was used. The newly Pro/E designed
fixture as seen in Figure 2.14 is based mostly on the previous design but includes
improvements to aid in simplifying experiments. One such improvement is the
implementation of alignment bars to eliminate the need to measure the placement of the
composite specimen in the fixture. The second addition is end clamps to ensure that the
copper bus bars cannot “jump” out of contact when impact is taking place. These two
additions can be seen in Figure 2.15. The completely assembled fixture with bench
mount can be seen in Figure 2.16.

The fixture is composed of three main components, the base, middle plate, and

top plate, as seen in Figure 2.14. The base plate and middle plate needed to be
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constructed of a non-electrically conductive material to ensure that all current was forced
to flow though the composite. The type of material chosen was poplar. This type of
wood was chosen because of its rigidity and good machining characteristics. The top
plate did not have any electrical conductivity issues that needed to be addressed as no
current would be passing through the material. Therefore, the top plate was machined
from a solid piece of 6061-T6 aluminum. Aluminum was chosen because it would add
additional strength and rigidity to the rest of the fixture. Additionally, aluminum
provides light weight with excellent machining characteristics. Two versions of the top
plate were fabricated, one for electrical characterization, and one for impact testing. The
electrical characterization top plate incorporated openings to allow for the five infrared k-
type thermocouples to be inserted. This top plate can be seen with the five infrared

thermocouples installed in Figure 2.17.

MiddlePlate | o Thermocouples Top Plate |

Copper

Figure 2.14: Pro/E Designed Fixture
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(a) (b)
Figure 2.15: Fixture Additions: (a) Alignment Bars (b) End Clamp

Figure 2.16: Completely Assembled Fixture with Bench Mount

www.manharaa.com




37

(@) (b)
Figure 2.17: Top Plate: (a) Bottom View (b) Top View

The second top plate was used only for impact testing. This top plate had a 5x5
inch (127x127 mm) pocket machined to ensure that it would not interfere with the

impact. This impact top plate can be seen in Figure 2.18.

Figure 2.18: Impact Top Plate
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2.4.2.2 Function Generator

In order to apply time-varying current, an Agilent 33250A 80 MHz
Function/Arbitrary Wave Generator was chosen in conjunction with the previous Agilent
6692A 6600-watt power supply used in steady current tests. This function generator was
used as an analog input for the power supply. The function generator is connected to the
power supply via analog inputs on the back of the power supply. Once the function
generator output is connected to the power supply, the power supply will transform the
output to mimic the input by using an internal switching system incorporated within the
power supply. Once the waveform is chosen from the function generator, the power
supply will supply the composite with the input waveform up to approximately 1000 Hz
depending on the current amplitudes desired. The relationship between the analog input

voltage and the output current of the power supply can be seen by Equation 2.4.

FGV _ PSA
5  110A

(2.4)
where FGV is the voltage from the function generator and PSA is the output current of the
power supply in amps.

This function generator has the capabilities to produce sine, square, ramp, noise,
pulse and user-defined waveforms with variable frequencies and rise/fall times (Agilent,
2010), allowing the user to specify the type of time-varying load applied to the specimen.
The function generator can also be connected and controlled by a computer via a General

Purpose Interface Bus (GPIB), allowing the entire system to be synced together.
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2.4.2.3 Data Acquisition

To capture the real-time changes in electric current and voltage, a data acquisition
(DAQ) unit was used. The first step was to determine if the previous DAQ system used
for the steady current tests could be used for the experiments with the time-varying
electric currents. The previous DAQ was an Agilent 34970A data acquisition/switch
unit. This unit is capable of high precision, 6 1/2 digits (22-bit), internal digital multi-
meter, thermocouple signal conditioning, and up to 250 channels per second scan rate
(Agilent, 2010). This DAQ would have been an ideal choice because the unit was
already implemented into the entire system. Upon reviewing the operating manual on the
unit, it was found that the maximum sample rate was approximately 250 samples per
second operating on one channel. This DAQ operated on 2-7 channels depending on the
experiment; therefore, the realistic maximum sampling rate would be 125 samples per
second. The Nyquist theory was used to determine what sampling rates the DAQ would
be capable of operating at (Agilent, 2010). The Nyquist theory states that the minimum
sampling rate should be 2x the highest frequency of the incoming signal that is being
measured. Moreover, it is suggested to use 5-10x the highest frequency being measured
if permitted (Agilent, 2010). Using the Nyquist theory with the minimum of 2x sampling
rate, only 125 samples per second could be achieved. This sample rate resulted in a
maximum frequency of 62.5 Hz. This was also verified experimentally to ensure that the
unit would not be sufficient for the time-varying experiments. Therefore, an alternative
DAQ unit would have to be investigated. After looking into different manufacturers’
products, the U2531A USB Modular Simultaneous Data Acquisition from Agilent
Technologies was chosen. This unit allowed for up to 14 bits of resolution, four analog
input measurements, four digital input measurements, and 2M and 1M samples per
second on each analog and digital input, respectively (Agilent, 2010). From 0-55°C the
U2531A has an offset error of + 2 mV and a gain error of £ 6 mV. The DAQ unit is
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controlled via a USB 2.0, allowing for the unit to be controlled and synced together with
other equipment via the computer. Data acquisition is controlled by the Agilent
Measurement Manager (AMM) software included with the unit. The key benefit of
choosing this unit is the high sampling rate of each channel. This allowed for up to 1
MHz of input signal at the minimum of 2x sampling rate and effective acquisition of the
time-varying signals the composites are subjected to. The resistance of the composite is

determined indirectly by using Ohm’s law as seen in Equation 2.5.

R=V/I (2.5)

where R is the resistance of the composite, V is the voltage drop across the composite,
and I is the current through the composite. This method to determine the resistance of the
composite had to be utilized as the U2531A DAQ only allows for voltage measurements.
To determine the current passing through the composite sample, a precision electrical
shunt was used before the sample to produce a voltage drop. This voltage drop was
measured by the DAQ and then the current was calculated using Ohm’s law. The same
Deltec MKB-100-200 0.5 mQ precision electrical shunt used in the steady current

electrical set-up (Section 2.2.1), was used for the time-varying electrical set-up.

2.4.3 Temperature Measurement

It has already been pointed out that understanding the temperature distribution
across the composite sample was crucial for both interpreting electrical characterization
results and understanding the relationship between the applied electric current and the
impact resistance of the carbon fiber polymer matrix composites. It was also crucial to
avoid any permanent thermal damage to the composite samples during electric current

applications. Previous methods for measuring the temperature distribution at the surface

www.manaraa.com



41

of the composite specimens included five k-type thermocouples spaced across the
composite monitored by the DAQ with built-in k-type signal conditioning (Zantout,
2009). This method proved to be inconsistent in temperature measurements. One of the
tasks of the present study was to determine the cause of this inconsistency and develop a
better temperature measurement system that can provide consistently accurate
temperature measurements. A thorough investigation showed that errors in the
measurements were due to lack of proper contact with the composite surface. Previously,
Acrctic Silver was used between the thermocouple and composite interface (Zantout,
2009). Arctic silver is a thermally conductive compound that contains 99.9% pure silver
and is designed to increase the heat conduction between two materials (Arctic Silver,
2010). In the present work, in an attempt to achieve a consistent contact between the
thermocouple and composite surface, a thermally conductive adhesive was used to ensure
proper contact was being made. The McMaster-Carr Part #US1150 was used. This
adhesive has a temperature range of -65° C to 125° C, thermal conductivity of 0.486
W/m*k (McMaster-Carr, 2010). Performing experiments with this adhesive holding the
thermocouples to the composite surface did produce better results of temperature
measurement. However, this process was found to be time consuming as it was
recommended to wait for a period of 48 hours for the adhesive to reach full strength
(McMaster-Carr, 2010). Additionally, this method would not permit the thermocouples
to be removed after they were adhered to the composite surface. Not being able to find a
reasonable solution to the contact problem of the k-type thermocouples led to an

investigation of non-contact measurement devices.

2.4.3.1 Infrared K-Type Thermocouples

A non-contact measurement device utilizes infrared wavelengths to measure

temperature of a surface. The first step involved determining what products were
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available and if they would be a feasible choice. To aid in the selection, a set of
constraints needed to be adhered to. These constraints involved temperature
measurements from at least 20 to 150° C, small size scale, and being easily adaptable to
the newly designed experimental set-up. After looking into different manufacturers’
products, the OS136-1-K infrared thermocouple from Omega engineering was chosen.
This 0S136-1-K model allows for temperature measurements from -18 to 202°C (0 to
428°F) with a k-type thermocouple output signal, 150 ms response time, accuracy of 3%
of reading, a fixed emissivity of 0.95, and 12-24 Volts @ 50 mA of power required.
Furthermore, the units are packaged in a 19 mm (0.75 in) OD by 89 mm (3.5 in) stainless
steel housing making them durable as well as compact (Non-Contact, 2010). A picture of
the infrared thermocouple can be seen in Figure 2.19. This unit was an ideal choice
because the temperature range fit into the desired criteria and the small size allowed for
up to 5 units to be placed evenly across the composite surface. The thermocouples also

would fit into the newly designed test fixture with minimal alteration.

Figure 2.19: Infrared K-Type Thermocouple (Non-Contact, 2010).

To ensure that any external noise would not affect the signal output of the

thermocouples, an external shielding was used to completely enclose all of the wires from
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the thermocouples. The shielding that was chosen was McMaster-Carr part # 7940K33
EMI/RFI wire shielding. This shielding protects wire from electromagnetic and radio
frequency interference, with an operating temperature of -40 to 107° C (-40 to 225°F)
(McMaster-Carr, 2010). To record the temperature in real time, an additional power

supply, signal conditioner and data acquisition unit were needed.

2.4.3.2 Infrared Thermocouple Power Supply

In order for the infrared thermocouples to operate, a 12-24 V constant voltage was
needed to function properly. To supply this constant voltage, the Agilent 6612C 40 watt
power supply was chosen. This unit is capable of 20 volts and 2 amps (Agilent, 2010).
This unit is also capable of providing enough power to supply all five of the
thermocouples at once, eliminating the need for additional power supplies. This power

supply can be seen in Figure 2.20.

Figure 2.20: Infrared Thermocouple Power Supply (Agilent, 2010).
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2.4.3.3 Signal Conditioner

To obtain accurate temperature measurements, the output voltage from the
thermocouples needed to be amplified to allow for the data acquisition to acquire the
small changes in the signal. The signal conditioner chosen for the set-up was the Agilent
U2802A 31 channel thermocouple input signal conditioner. This conditioner is capable
of conditioning low input signals from J,K,R,S,T,N,E and B type thermocouples into
higher output signals, which can then be recorded using a data acquisition system. The
unit also incorporates a built-in thermistor for cold junction compensation to simplify
temperature measurements (Agilent, 2010). The error for the gain and offset are 0.06%
and 6 pV, respectively. The cold junction compensation has an accuracy of + 1°C.
These errors combine for an accuracy of + 1.5° C for k-type thermocouple measurements

(Agilent, 2010). This unit can be seen in Figure 2.21.

Figure 2.21: Agilent U2802A 31 Channel Thermocouple Signal Conditioner (Agilent,
2010).
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2.4.3.4 Temperature Data Acquisition Unit

The final piece of equipment is the Agilent U2356A 64 channel data acquisition
unit. This unit was chosen because it is specially designed to be compatible with the
U2802A signal conditioner. The unit is capable of 500,000 samples per second and 16
bits of resolution, allowing for fast sampling of the varying temperatures (Agilent, 2010).
Both the U2356A and U2802A are synced with the rest of the equipment and computer
via USB 2.0 connections and with the use of the AMM software. The temperature data
acquisition unit can be seen in Figure 2.22. The unit has a gain and offset error of + 1
mV and = 2 mV, respectively. With the additional temperature measurement equipment
in place, the temperature could be easily measured and recorded in real time to determine

the temperature distribution across the composite surface.

i3 Agilent U23564 84Ch. Myp
- Multig i

Figure 2.22: Agilent U2356A 64 Channel Data Acquisition Unit (Agilent, 2010)
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2.4.3.5 Experimental Limitations

During testing of the time-varying electrical characterization set-up, there were a
few limitations of the system that were discovered. The frequency that can be applied to
the composite is limited by the internal switch of the power supply and by the current
applied. The operating manual of the power supply suggests a maximum internal
switching speed of 1000 Hz. A thorough testing of the characterization set-up revealed
that this value was closer to 750 Hz in order to achieve consistent wave shapes.
Furthermore, the frequency was found to be a function of the current and vice versa.
Here, signals with minimum and maximum current levels closer together or “shrunk”
would permit a higher frequency to be applied. This was found to be the inverse for
signals with minimum and maximum current levels far apart. Therefore, if signals with
large separation in the current peaks are desired, the frequency at which the power supply
will be able to produce a consistent wave is significantly reduced. This reduction is only
determined by experimental verification. One solution that was found to overcome this
wave reduction was to overdrive the current peaks by setting the upper and lower voltage
limits higher and lower, respectively. This would allow for the power supply to produce
the desired current peaks at higher frequencies. Additionally, it was found during
experiments that the time-varying load will not be applied from the same starting point
for every experiment. This was found to be due to the position of the waveform and the
initiation of the power supply output. An example of this would be with one wave
starting at a minimum and another starting at a maximum. This difference in start
location produces two similar waveforms in different phases. This difference in phase

can be seen in Figure 2.23.
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Figure 2.23: Voltage vs. Time, Difference in Phase

As seen in Figure 2.23, the voltage measurements with respect to time are out of phase
between the samples #12 and #13. These measurements were taken on two different
samples with identical waveforms of 50 A average currents and at a frequency of 25 Hz.
For temperature measurements, there were limitations as well. The infrared
thermocouples operated at a response time of 150 ms, resulting in a maximum response
rate of approximately 7 Hz. To keep measurements standard for all experiments,
sampling rates of 20 times the frequency being tested were always used even for the
temperature data acquisition. This was done to simplify the acquisition and data analysis
as the same time step would be taken for both the electrical characterization and thermal
response. Since the sampling frequency was higher than the operating frequency of the
infrared thermocouples, data filtering and reduction was incorporated to remove repeated
values due to oversampling. Additionally, during experiments, it was required to keep

the surface temperature of the composite specimen under 177°C as this is the glass
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transition temperature for IM7/977-3 composites (Cycom, 2010). Furthermore, it was
found in previous work that 150° C was the temperature at which the wooden fixture
would begin to char (Zantout, 2009). This charring temperature was assumed to be the
same for the newly designed testing fixture even though a different type of wood was

used and would therefore be the limiting temperature in experiments.

2.4.3.6 Thermocouple Calibration Verification

An additional experiment was carried out that involved determining the accuracy
of each infrared thermocouple compared to the manufacturer’s specifications. The
experiment consisted of using the Agilent U2802A signal conditioner, U2356A DAQ,
6612C 40 watt power supply, and an Omega BB703 Black Body Calibrator. The BB703
is a portable, miniature black body calibrator that is useful for calibrating infrared
temperature equipment with temperature ranges of ambient +10° C to 400° C (ambient
+20° F to 752° F) with a built-in 29 mm (1.125 in) black body target (Portable Blackbody,
2010). The accuracy of the calibrator is specified as + 1.4° C (+ 2.5°F) (Portable
Blackbody, 2010). The procedure for this experiment was as follows: (i) set the black
body calibrator to a specific temperature; (ii) record 10 measurements from each infrared
thermocouple; (iii) repeat from 30 to 190° C in increments of 20°C. From here, the data
was gathered and an analysis was performed to determine the accuracy of each of the
thermocouples. The determined accuracy for each thermocouple and temperature can be

seen in Table 2.2.
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Table 2.2: Thermocouple Accuracy

Accuracy
Thermocouple | Minimum | Maximum
1 96.3 99.1
2 97.2 98.9
3 96.8 99.5
4 95.2 97.6
5 96.4 98.1

2.4.4 Time-Coordinated Impact Characterization Set-Up

49

The time-coordinated impact testing set-up included an impact machine, data

acquisition system, air-actuated cylinder, electric air solenoid, and custom computer-

controlled release timer. This set-up allowed for the drop weight of the impact tester to

be released at exact times coordinated with the application of electrical load. Since the

samples were tested electrified and non-electrified, a custom fixture, as described in

Section 2.3.2.1, was designed to replace the metal fixture provided with the impact

machine. This would ensure that the electric current would be forced to pass only

through the composite samples during experiments. The complete impact testing set-up

can be seen in Figure 2.24.

www.manaraa.com



50

Electric Air Solenoid

USB 2.0 Communication
Circuit Board and Processor

Figure 2.24: Time-Coordinated Impact Test Set-Up

Most of the components of the previous impact set-up were used for the current
impact set-up. These components include the computer, impact tester as mentioned in
Section 2.2.2.1, data acquisition, and signal conditioner as mentioned in Section 2.2.2.2.
The following descriptions and specifications include only new components that were

added to the new time-coordinated impact set-up.

2.4.4.1 Air-Actuated Cylinder

To initiate impact, a mechanism needed to be designed to release the carriage.

The original design of the machine used a button that was pushed to release the drop
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carriage. Since it was undesirable to alter the machine in anyway, a removable system
was designed that would release the carriage at a desired time. The device that releases
the carriage is an air-actuated cylinder. The force needed to actuate the button was found
to be approximatley 4 Ibs. This force was found by actuating the release mechanism with
a force spring scale as shown in Figure 2.25. With the known force for release, a suitable

air cylinder could be chosen.

Figure 2.25: Use of Spring Scale

The air cylinder that was chosen was the McMaster-Carr part# 59155K12,
miniature brass air cylinder. This cylinder produces 9 Ibs of force @ 100 psi with a
stroke length of 6.35 mm (0.25 in) and a 9.53 mm (0.375 in) bore (McMaster-Carr,

2010). This air-actuated cylinder can be seen in Figure 2.26. The air cyliner operates by
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extending the actuator to hit the release button on the impact tester when 100 psi of air is
supplied. Once the air supply is shut off, the actuator releases the button. The actuation
of the cylinder is what determines when the impact will be inititated. The supply of air to
the cylinder is controlled by an electronic air solenoid. The air cylinder implemented on

the impact tester can be seen in Figure 2.27.

Figure 2.26: Air-Actuated Cylinder (McMaster-Carr, 2010)

Figure 2.27: Air Cylinder Implemented
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2.4.4.2 Electric Air Solenoid

To control the application of the air supply to the air cylinder, a valve needed to
be used between the air supply and the cylinder. This valve would control when the air
would be supplied to the air cylinder and hence, the drop time. This valve would need to
be electrically actuated so that it could be controlled remotely. The selected valve was
the McMaster-Carr part# 61245K84, solenoid air control valve. This solenoid valve has
an operating range of 0-120 psi, one inlet, and one outlet port with 1/8 NPT. The

solenoid valve can be seen in Figure 2.28.

Figure 2.28: Solenoid Valve (McMaster-Carr, 2010)

The valve requires 12 VDC and draws 0.67 watts of power to operate, with a
simple two-wire connection (McMaster-Carr, 2010). This valve was also chosen due to
its small size, with a width of 30.48 mm (1.2 in) and height of 58.42 (2.3 in) (McMaster-
Carr, 2010), making it easy to implement into the impact tester. The solenoid valve

would need to be controlled by a system that could sync the opening and closing with the
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rest of the system, such as the power supply, function generator, and data acquisition
units. This timing was accomplished through the use of a custom designed and built
timing unit. The solenoid valve implemented onto the back of the impact tester can be

seen in Figure 2.29.

Figure 2.29: Solenoid Valve Implemented onto Back of Impact Tester

2.4.4.3 Computer-Controlled Release Timer

The opening and closing of the solenoid valve was controlled by a custom
designed and built timing unit. The basic components of the unit are: (i) microcontroller;

(i) USB communication; (iii) 20 MHz crystal oscillator; (iv) 12 VDC power supply. The
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timing unit works by receiving user input comands from a computer via the Agilent
VeePro software. These commands are processed by a PIC18F4550 — Microchip 40 pin
microcontroller. The communication between the computer and the microcontroller is
handled by USB connection via emulated virtual COM port. The input comands are the
drop height, delay time and desired drop time. The drop height, in m, is the value at
which the impact is desired to take place. The delay time is an experimentally found
value that accounts for the delay time for the solenoid, air cylinder and other components
to operate. The drop time is time, in seconds, at which the impact is requested to occur.
The time input has a resolution of 1 ms. The input for the height is used to calculate the

fall time for the impact in seconds. The time is calcuated using Equation 2.6.

= |7 (2.6)

Here, h is the drop height in m and g is the acceleration due to gravity. This time
calculation is then subtracted from the desired fall time inputted by the user to produce an

impact that occurs at the actual desired time.

2.4.4.4 Summary of Time-Coordinated Impact

Characterization Set-Up

Combining the custom programed microcontroller, electric solenoid, and air
actuated cylinder, the complete time-coordinated impact set-up was complete. Testing of
this set-up confirmed that the impact was occurring when desired in relation to current
application with a 1 ms time resolution and an accuracy of + 0.5 ms and repeatability of +

0.01 ms as determined experimentally. Future use of this time-coordinated impact will
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enable a researcher to accurately and consistently ensure impact occurs at a desired time

with respect to current application.

2.5 Experimental Procedures

This section describes the procedure for how the experiments were carried out and
repeated to ensure every test was performed following the same procedure. Because the
electrical characterization and the impact response of an electrified composite
incorporated much of the same components, the procedure for experimental testing was
very similar between the two. One of the differences is that surface temperature
measurements could not be performed during impact tests because the infrared
thermocouples are positioned in such a way that they hinder impacts to the composite

surface.

2.5.1 Composite Sample Preparation

The composite samples were prepared individually before each experiment to
ensure that accurate and consistent results could be obtained. This was done to ensure
that each sample would have similar electrical contact resistance. The composite
materials that were supplied for testing came in large approximately 1397x1117.6 mm
(55x44 in) sheets. Because the size required for testing was 152.4 mm (6 in) squares, the
sheets needed to be cut into appropriate sizes. To do so, the sheets were first measured
and marked to the appropriate size with silver paint markers. Once each sheet was
marked with the proper dimensions, the specific type of material, the fiber orientation and
the number of plies was written on the surface to clearly identify each specimen. To cut

the large sheets into the individual 152.4 mm (6 in) squares, a table saw with a fine-tooth
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finishing blade was used along with masking tape on both sides of the cut line to
minimize any fraying during the cutting process.

After the large sheets were cut, the samples were ready to be prepared for
electrical characterization. The process of preparing samples for electrification began by
sanding and cleaning the edges that would be in contact with the copper bus bars. The
sanding process was multi-step one, starting off with a 220 grit to remove any large
imperfections, then a 440 grit to remove the 220 grit sand marks, and finally a 600 grit to
create a smooth surface. To clean the composite surface and edges, acetone was used.
Extreme care was taken not to expose the composite to the acetone for extended periods
of time because the chemical was found to dissolve the polymer matrix of the composite
specimens. To aid in placement of the specimen into the fixture, two lines were drawn
onto the composite surface 11 mm (7/16 in) from each contact edge using silver paint
markers to ensure that equal distances from each electrode were maintained. This was
done to produce consistent results in the temperature distribution. This placement can be

seen in Figure 2.30.

IrYaM-
[6/a)e L

Figure 2.30: Sample Alignment Marks
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Now that the composite samples were smooth and clean, the edges were treated to
reduce the contact resistance at the composite/bus bar interface. To reduce the contact
resistance, Duralco 120 was applied to the edges of the specimens. Duralco 120 is an
electrically conductive epoxy that contains over 70% ultra-fine active silver. The epoxy
also has a volume resistivity of 0.00008 ohm-cm at 500° F operating temperature and
cures at room temperature (Duralco 120, 2010). To apply the epoxy, the amounts of
silver paste and hardener were measured to obtain the proper 100/3.5 weight ratio of
paste to hardener as specified by the manufacturer. After thoroughly mixing, a thin,
uniform coat of the mixture was applied to both edges of the sample. The epoxy was
then given a minimum of 24 hours to cure and harden. After the epoxy hardened, a rough
surface was created. This surface was then lightly sanded using a 600 grit sandpaper to
flatten the surface and cleaned using acetone.

After the epoxy was sanded smooth and cleaned, a final coat of Duralco 120 was
applied to both sample edges as well as both copper bus bars without the hardening agent
mixed in. This was done because it was found in previous work to increase the contact
areas and hence decrease the contact resistance (Zantout, 2009). As described earlier in
Section 2.2.1, an increase in surface area and reduction in contact resistance results in a
reduction in heat generation during the electrification process. The composite samples
were now ready to undergo the electrification experimental procedure. The sample
preparation for impact was the same for the electrical characterization except the back
side of the samples were first given a thin coat of white spray paint. White paint was
chosen because it was found that this aids in increasing the visibility of any damage that
would be created during impact testing (Zantout, 2009). After the paint had dried, the

sample preparation was continued.
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2.5.2 Time-Varying Electrical Characterization

Experimental Procedure

The time-varying electrical characterization of electrified composite samples
involved all of the equipment that was described previously in Section 2.4.2. To begin
the electrical characterization, the electrical test fixture was assembled. This process
included placing the plywood base plate down onto risers, to raise the base plate
approximately 150 mm (6 in) off of the bench-top. The base plate was raised to allow for
air to flow under the composite sample to aid in cooling. This additional height
significantly cut down the amount of time for the sample to cool and return to ambient
temperature. Next, the plywood mid plate was placed onto the base plate. A composite
sample was then chosen and placed onto the mid plate. The top wood plate was then
placed on top of the composite. Next the top aluminum plate, which holds the five
infrared thermocouples, was placed on top of the top wood place to complete the
assembly. The position of the composite plate was adjusted so that the lines drawn on the
sample were aligned within the fixture so that each sample would be placed in the same
location every time. The copper bus bars, with the lead wires from the power supply and
sensing wires to the DAQ attached, were then given a thin coat of Duralco 120 and
placed onto each end of the fixture in order to make contact with the composite specimen.
Now the end clamps were assembled onto the ends of the copper bus bars and the nuts
were tightened to a torque of 2.71 J (2 ft-1b). The final step of the process was to evenly
torque the tightening nuts to 13.56 J (10 ft-1b) by using the torque wrench.

Now that the sample preparation and fixture assembly was complete, the
composite specimen was ready to have electrical current passed through it. All of the
equipment mentioned earlier in Section 2.4.2 was given a minimum of 30 minutes of
warm-up time compared to the manufacturer recommended time of 20 minutes (Agilent,

2010). This, however, did exclude the infrared thermocouples as only a minimum of 1
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minute is recommended for warm-up (Non-Contact, 2010). The output of the function
generator was then connected to the analog input of the power supply. This was
accomplished by connecting the function generator positive output wire to the IP+
connector and negative output wire to the IP- and L IP connector located on the back of
the power supply. When a steady current output was desired for comparison tests, these

connections were removed. This connection can be seen in Figure 2.31.

Figure 2.31: Power Supply Analog Input Connections

The power supply was now placed into constant current mode by setting the
maximum allowable voltage to 50 V, which was higher than what would be observed
during testing. This was done by pressing the buttons on the front face of the power
supply in the following sequence: pressing “Local,” then choosing “Output on/off” to
ensure the output was off, then pressing “Voltage” and typing “50,” then “Enter”. Now
parameters for the function generator such as wave shape, frequency, maximum (peak)

current, and minimum current could be specified for the experiment with the front panel
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of the function generator. For example, if a 50 Hz sine wave with maximum and
minimum current values of 100 A and 50 A, respectively, were desired, the frequency,
wave shape and voltage limits would be entered on the front panel of the function
generator. The voltage limits, along with Equation 2.4, controlled the current magnitudes
during the experiment. To obtain the 100 A and 50 A maximum and minimums, voltage
limits of 4.545 V and 2.273 V were specified in the software. The parameters for the
power supply were specified by the VEE software, by setting the output current to “0”
and setting the time application of current in seconds. Here it was crucial to have the
output of the power supply in constant current mode and with 0 amps of output, as any
additional current would add to the total current output of the wave shape.

Both of the data acquisition units, temperature and electrical, could now be set up.
This was done by opening the Agilent Measurement Manager (AMM) software. In the
AMM software, the data acquisition rates can be specified in samples per second. For
time-varying electrical currents, the sampling rate was always chosen to be 20 times the
frequency of the waveform being tested. This was done to ensure that enough data points
would be captured to prevent aliasing of the signal and to follow the recommendations of
the manufacturer. This was done for both of the DAQs in the experiments even though
the infrared thermocouple response time does not allow for such acquisition, as discussed
earlier in Section 2.4.3.5. For steady current tests, the sampling rate was always selected
to be 10 samples per second for both DAQs. This was selected because it was not
necessary to sample at high rates for a constant signal. The final procedure before any
experiments were performed was to verify that the electrical resistance was similar from
sample to sample. This was done by subjecting the sample to 1 A steady current for 5
seconds. Once this was complete, the resistance was compared to the other samples
tested. The experiment would proceed if the resistance was similar; if not, adjustments
would be made to obtain similar values. These adjustments include adjusting the copper

bus bar placement and/or applying more conductive epoxy. All experiments were carried
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out on a single specimen before it was allowed to be removed from the fixture. This was
done because it was found that it was difficult to obtain the same resistance values if the
specimen was removed and reinserted. The samples and copper bus bars were allowed to
cool down to as close to ambient temperature as possible. The temperature was verified
by using a handheld infrared thermometer, seen in Figure 2.32. Once the temperature
was thought to be in the correct range, the five infrared thermocouples mounted on the
fixture were used to verify that the temperature across the composite surface was

uniform.

Figure 2.32: Handheld Infrared Thermometer
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EXPERIMENTAL RESULTS
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This chapter describes materials and experiments, reports experimental results and

provides analysis and discussion of the experimental findings.

3.1 Materials Tested

The carbon fiber polymer matrix composite specimens that were tested consisted

of 32-ply IM7/977-3 carbon-reinforced polymer matrix composite laminates. In this

material notation, IM7 distinguishes the type of carbon fiber used in the material design

(Hexcel, 2010). The 977-3 denotes the type of epoxy matrix used (Hexcel, 2010). All of

the specimens arrived as large plates that were cut into smaller samples with the same

152.4 x 152.4 mm (6 x 6 in) dimensions as discussed in Section 2.4.1. Specimens had

thickness varying from 4.953 mm to 5.004 mm (0.195 in to 0.197 in). Material

specifications can be seen in Table 3.1. The materials were all tested following the

procedures outlined for the electrical characterization and time-coordinated impact

characterization as described in Chapter 2 Sections 2.4.2 and 2.4.3, respectively.

Table 3.1: Materials and Dimensions

Fiber Length Width  mm | Thickness mm
Material Type Orientation mm [in] [in] [in]
32-ply IM7/977-3 [0] 152.4 [6] 152.4 [6] 4.953 [0.195]
32-ply IM7/977-3 [0/90]s 152.4 [6] 152.4 [6] 5.004 [0.197]
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In Table 3.1, the “Fiber Orientation” denotes the direction of the individual plies in the
composite laminate. For example, [0] denotes that each ply in the composite is in the 0°
direction (i.e., fiber direction). The 32-ply [0/90]; alternates the orientation of each layer
by 90° with 8 layers in the 0° and 8 in the 90° direction and this composite is a symmetric

laminate, which is indicated by subscript “s.”

3.2 Summary of the Experiments

The objective of testing was two-fold: to determine the electrical and thermal
behavior of the electrified carbon fiber polymer matrix composites at different current
magnitudes and frequencies. The sine wave current ranging from 50 to 100 A in
magnitudes, 25 to 150 Hz in frequencies, and 1 minute in duration was applied to the
composite specimens. Effects of the current magnitude, frequency, and duration were
investigated. In the case of unidirectional plates, an electric current was applied in the 0°
direction (fiber direction), and in the case of cross-ply plates, the current was applied in
either 0° or 90° directions.

Each sample tested was subjected to three different types of experiments. The
first was to understand the electrical and thermal response of specimens when subjected
to a sine waveform with a constant frequency of 25Hz and three different average
currents of 50 A (Imax= 75 A, Imin=25 A), 70 A (Imax = 100 A, Imin =40 A), and 75 A
(Imax =100 A, Imin= 50 A) for 1 minute. The experiments were then carried out in the
same fashion for 50 and 150 Hz. The average currents were computed by averaging the

maximum and minimum current applied to the specimen as shown in Figure 3.1.
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Figure 3.1: Sine Waveform Displaying Imax, Imin and layg

The maximum and minimum currents and frequencies selected for the experiments
were constrained by the limitations of the system as described in Section 2.3.3.3.
Experiments were performed while the power supply was in a constant current mode with
the current peaks fixed. These fixed current peaks would allow for the voltage and
resistance to vary depending on the changes in the electrical contact and the properties of
the composite specimen. To simplify reference to the different time-varying currents,
only average currents (layg) Will be indicated in this thesis from now on. Thus, an
electrical current with maximum and minimum of 75 A and 25 A will be referred to as
lavg = 50 A current, a current with maximum and minimum of 100 A and 40 A will be
referred to as lay,g= 70 A current, and a current with maximum and minimum of 100 A
and 50 A will be referred to as layg = 75 A current. The “®” symbol will be used to
denote the frequency (Hz) of the time-varying current.

Besides time-varying currents, composite specimens were also tested at a steady DC

current (with a frequency of zero, ® = 0) applied for 1 minute. The current magnitudes
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applied were the same as the average current as tested in the time-varying current
experiments, 50, 70 and 75 A. Note that in the experiments performed in this work, time-
varying current is in fact a form of DC current due to the flow of current from the anode
to cathode (negative to positive), which is the same direction as the steady DC current.
Therefore, for reference purposes, “steady” or “steady current” will be used to denote this
DC current with zero frequency (o = 0) in this thesis from now on.

During testing, an electric current, voltage, and temperature were measured and
recorded. Each experiment was repeated on at least three samples. The three samples
tested were first subjected to a 1 A steady current for 5 seconds to ensure that all three
samples had similar contact resistance. If a sample did not have similar resistance to the
others, sample preparation (as described in Section 2.4.1) was repeated. A summary of
the specimens tested is listed in Table 3.2. A summary of the experiments, including
current magnitudes, duration, and frequencies, is given in Table 3.3.

The surface temperature of the composite specimens was monitored throughout
each experiment to determine the thermal response of the composites subjected to the
varying current magnitudes and frequencies. Temperature measurements were performed

using the equipment as described in Section 2.3.3.

Table 3.2: Summary of the Specimens Tested

Material Type Fiber Orientation | Specimens Tested

32-ply IM7/977-3 | [0] #12, #13, #14

32-ply IM7/977-3 | [0/90] #15, #16, #17, #22
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Minimum Maximum
Current Average Current Current
Specimens | Duration, | Current VValue, | Value, Inin, Value, Inax, Frequency
Tested min lavg, [A] [A] [A] , 0, [Hz]
25
50 25 75 50
150
#12, #13, 25
#14, #15, 1 70 40 100 50
#16, #17 150
25
75 50 100 50
150
#12, #13, 50 50 50 0, Steady
#14, #15,
416, 417 1 70 70 70 0, Steady
#22 75 5 75 0, Steady
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3.3 Results of 32-Ply Unidirectional IM7/977-3 Composites

3.3.1 Electrical Response of 32-Ply Unidirectional

IM7/977-3 Composites to Time-Varying Currents

Three 32-ply unidirectional IM7/977-3 composite specimens were used to
investigate the electrical and thermal response when subject to time-varying and steady
electrical loads using the fully instrumented system as described in Section 2.3.2. The
specimens tested were samples #12, #13, and #14. To ensure that the correct waveform
and current amplitudes were being applied to the composite specimens by the power
supply, a fourth sample (#11) was tested. This sample was also used to ensure that the
temperature increase due to the applied current was below the glass transition level of the
specimens and charring temperature of the wooden fixture as noted in Section 2.3.3.3.
According to the procedure outlined in Section 3.2, samples #12, #13, and #14 were first
subjected to a 1 A steady current for 5 seconds to ensure that all three samples had
similar contact resistance. If a sample did not have similar resistance to the others,
sample preparation (as described in Section 2.4.1) was repeated. The resistance of the
composite samples subjected to the steady current can be seen in Table 3.4. Sample-to-
sample variation in resistance at 1 A steady current was found in the acceptable range,

and all samples were then subjected to sine-wave time-varying currents.
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Table 3.4: 1 A Steady Current Resistance for Unidirectional Composites

Resistance [Q]
Sample Average Maximum Minimum
#12 0.04819 0.04836 0.04780
#13 0.05667 0.05703 0.05564
#14 0.04524 0.04538 0.04502

The shape of the voltage and current, as measured by the DAQ system for sample

#13 subjected to sine wave current with @ = 25 Hz and I,y = 50 A sine wave current, can

be seen in a reduced time step in Figures 3.2 and 3.3, respectively.

NN N NN
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B
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Figure 3.2: Unidirectional Sample #13: Voltage vs. Time, © =25 Hz, I,y = 50 A
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Figure 3.3: Unidirectional Sample #13: Current vs. Time, ® =25 Hz, lag = 50 A

The plots of voltage and current as functions of time clearly show that the
experimental setup is capable of measuring time-varying electrical current applications.
Red markers on both plots indicate where each measurement was taken during the
experiment. Using the voltage and current measurements, the electrical resistance of the
composites subjected to time-varying electrical load was obtained.

Variation of the resistance with time for sample #13 subjected to varying current

magnitudes (with l.,g =50 A, 70 A and 75 A) at 25 Hz frequency can be seen in Figure
3.4.

www.manharaa.com




71

0.031
0.029
0.027
T 0.025 ——lavg = 504
@
E 0.023 lavg =704
bt lavg=75A
o 0.021
[ lavg = 50A (Refined)
0.019 lavg = 70A (Refined)
0.017 lavg = 75A (Refined)
0.015
0 10 20 30 40 50 60
Time [s]

Figure 3.4: Unidirectional Sample #13: Resistance vs. Time, o =25 Hz

The trend of the resistance, as shown in Figure 3.4, reveals that the resistance is
not constant and also depends on the electric current magnitude. The resistance tends to
rise for a short period of time, and then eventually come to a lower steady value at the
end of the 60 second current application. It is also noted that the 50 A average current
resulted in the highest resistance values when compared to 70 and 75 A average current
applications. The results for samples #12 and #14 were very similar to those shown in
Figure 3.4.

Due to high sampling rates for extended periods of time, a large number of data
points were captured and plotted, which was not always practical. To simplify the data
analysis, the resistance data was post-processed. The average resistance values were
calculated by smoothing the original data with a moving average filter and then by
reducing the amount of data points. The technique used for this is described in detail in

APPENDIX A. Therefore, Figure 3.4 also displays the average resistance values and
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trend with respect to time imposed onto the measure values, labeled as “Refined.” Future
plots shown will only display the average resistance trend.

Analyzing the average resistance trends shown in Figure 3.4, one can see that the
resistance increases for all average currents to approximately 17-13% and 11-7% from
the initial to peak and final values, respectively. The percentage difference from the
initial to highest and initial to final measured resistance values for each experiment can
be seen in Table 3.5. The initial, highest, and final measured resistances are denoted as
“Initial,” “High,” and “Final,” respectively.

Table 3.5 shows that there was some scatter in the resistance values from sample
to sample. All three samples had increases from the initial electrical resistance, with some
being higher than that of others. These differences can be attributed to two different
causes. First, sample preparation was performed in a manner to produce as consistent a
contact resistance as possible. This, however, did not always produce the same contact
resistance from sample to sample at the same current magnitude, as seen in Table 3.4.
Second, the composite materials form a discontinuous electrical contact with the copper
bus bars. This is due to the carbon fibers being electrical conductive and the polymer
matrix being dielectric. The discontinuous contact produces contact resistance by forcing
current to flow through carbon fibers. Therefore, it would be expected that some
variation in resistance will exist from sample to sample. More information on contact
resistance can be found in Section 1.3.

Figure 3.4 shows the general time trend of the resistance, but it does not show the
wave shape of the resistance. Once would expect that the shape would follow the same
shape as the current and voltage because Ohm’s law (Equation 2.5) is also valid for time-
varying currents. This was found to be the case in the experiments performed. The shape
of the resistance wave is seen when a small time step was taken to produce a clear visual
image of the wave. This wave for sample #13 at o = 25 Hz, I.,g = 50 and 75 A can be

seen in Figure 3.5.
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Table 3.5: Percent Increase in Resistance for Unidirectional Composites, o = 25 Hz

Sample #12
Average
Frequency | Current Initial High Final Initial-High Initial-Final
[Hz] [A] [Q] [Q] [Q] % Difference | % Difference
50| 0.02591 | 0.03166 | 0.02883 22.17 11.25
25 70| 0.01879 | 0.02429 | 0.02429 29.27 29.27
75| 0.02179 | 0.02822 | 0.02396 29.48 9.95
Sample #13
Average
Frequency | Current Initial High Final Initial-High Initial-Final
[HZ] [A] [Q] [Q] [Q] % Difference | % Difference
50| 0.02273 | 0.02667 | 0.02518 17.35 10.80
25 70 | 0.01955| 0.02210| 0.02206 13.04 12.83
75| 0.02089 | 0.02430 | 0.02230 16.31 6.75
Sample #14
Average
Frequency | Current Initial High Final Initial-High Initial-Final
[HZ] [A] [Q] [Q] [Q] % Difference | % Difference
50| 0.02364 | 0.02741 | 0.02737 15.95 15.77
25 70 | 0.02095 | 0.02473 | 0.02472 18.02 17.96
75| 0.02282 | 0.02735| 0.02381 19.83 4.32
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Figure 3.5: Unidirectional Sample #13: Wave Shape, Resistance vs. Time, ® =25 Hz

In Figure 3.5, the resistance waves have been time shifted so the resistance peaks
for both time-varying currents (la,g = 50 A and lag = 75 A) can be seen at the same time.
The time step is not shown for this reason. The shift was done to analyze the effects of
the current amplitude (if any) on the resistance. Here the markers indicate where each
measurement during the experiment was taken. It can also be seen, as stated earlier, that
the 50 A average current results in higher resistance when compared to the 75 A average
current application. The shape of the resistance shown in Figure 3.5 does not appear as a
smooth sine wave like the voltage and current waves shown previously. This is likely
due to the resistance being calculated numerically from the current and voltage
measurements using Ohm’s law. These calculations result in very small changes in
resistance (approximately £ 2.5%) at neighboring points. These small changes in
resistance make plotting difficult when interpolation is used to connect data points. Also,
any errors in voltage measurements by the U2531A DAQ unit will have a greater error

effect on the resistance calculation (a detailed description of the error calculation is

www.manaraa.com



75

discussed in APPENDIX B). When comparing the “amplitude” of the resistance, it can

be seen that the 50 A average current resulted in greater amplitude of resistance when

compared to the 75 A average current. Both of these average current values, 50 A and 75

A, had the same peak-to-peak current of 50 A. This trend was found to be true for all

samples subjected to sine wave current. In Figure 3.6, the resistance amplitude can be

seen for 70 and 75 A.
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Figure 3.6: Unidirectional Sample #12: Wave shape, Resistance vs. Time, ® =25 Hz

As seen in Figure 3.6, the amplitude of the resistance is greater for the 70 A

average current than that for 75 A. In this case, both current values have different peak

resistance at minimum current. This is due to 70 A and 75 A having different minimum

currents (40 A and 50 A, respectively). The minimum resistance values occurred at the

maximum currents. In this case, it was 100 A for both 70 A and 75 A average current
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applications. At this same peak current, the resistance values were very similar to one
another. This was found to be the same for samples #12 and #13. Sample #14 was found
to have lower minimum resistance for 75 A than for 70 A at the same maximum current
value of 100 A. Markers are used to indicate moments of time when the actual
measurements for current and voltage were recorded and the resistances were calculated.
During the experiments, it was also important to ensure that the current, voltage,
and resistance were being measured in the same phase by the DAQ system. This was
verified by scaling the current and the resistance to the voltage and plotting them
together. This process was performed on many of the experiments to ensure the phase
synchronization. A 25 Hz example of such scaling and phase plotting can be seen in
Figure 3.7. This plot also shows that the electric resistance is directly related to the
amplitude of the applied time-varying current: resistance is in phase with the current, and

there is an increase in the resistance as the current magnitude decreases.
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Figure 3.7: Unidirectional Sample #13: Scaled Current, VVoltage, and Resistance vs.

Time, ® =25 Hz
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3.3.2 Electrical Response of 32-Ply Unidirectional

IM7/977-3 Composites to Steady Currents

In addition to time-varying currents, steady currents of zero frequency (o = 0 Hz)
were applied to the composite specimens Figures 3.8-3.10 show the resistance vs. time
for samples #12, #13, and #14. Similarly to time-varying current, electrical resistance
under steady currents does not stay constant. However, changes in the electrical
resistance under steady currents are smaller when compared to time-varying currents (see
Fig. 3.4, 3.8-3.10). Resistance measured at 50 A steady current tends to be lower than
that measured at 70 A and 75 A currents. Moreover, electrical resistance under steady
current monotonically increases with time, whereas electrical resistance under time-
varying currents was not a monotonic function of time. Furthermore, the variation in the
resistance from sample to sample increases as the current magnitude increases. Figure

3.11 shows resistance vs. time for all three samples subjected to a 75 A steady current.
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Figure 3.8: Unidirectional Sample #12: Resistance vs. Time, Steady Current
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Figure 3.9: Unidirectional Sample #13: Resistance vs. Time, Steady Current
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Figure 3.10: Unidirectional Sample #14: Resistance vs. Time, Steady Current
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Figure 3.11: Unidirectional Samples: Resistance vs. Time, Steady Current, | =75 A

Table 3.6 shows maximum and minimum values of the resistance in samples #12,

#14, and #14 subjected to 50, 70, and 75 A steady currents for 1 minute.
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Table 3.6: Minimum and Maximum Values of Resistance for Unidirectional Composites,

Steady Currents
Sample #12
Frequency Average Current | Minimum Maximum Percent
[Hz] [A] [Q] [Q] Difference
50 0.0220 0.0259 17.94
0 70 0.0235 0.0330 40.25
75 0.0225 0.0330 46.65
Sample #13
Frequency Average Current | Minimum Maximum Percent
[Hz] [A] [Q] [Q] Difference
50 0.0211 0.0222 5.23
0 70 0.0235 0.0330 40.25
75 0.0202 0.0251 24.51
Sample #14
Frequency Average Current | Minimum Maximum Percent
[Hz] [A] [Q] [Q] Difference
50 0.0228 0.0250 9.44
0 70 0.0233 0.0292 25.26
75 0.0220 0.0291 32.08
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In addition to analyzing the behavior of the electrical resistance, voltage-current
characteristics were examined for all specimens at the onset of the electric current
applications and after the electric current had been applied for 1 minute. Recall that each
specimen undergoing testing was treated following the procedure described above to
reduce contact resistance. After that, the specimen was placed into the fixture, and a
steady electric current was applied for 1 minute while current, voltage, and surface
temperature were measured. After the current application, the specimen was cooled to
ambient temperature (if necessary) and the next test under a higher current magnitude
was conducted. The minimum tested current was 1 A, which corresponded to the current
density of 1312 A/m?, and the maximum current applied was 75 A, which corresponded
to the current density 98425 A/m?. The current densities were computed by using the
composite sample dimensions as shown in Table 3.1 and computing the total contact area
by using the thickness and width.

Figures 3.12 and 3.13 show voltage-current relationships for the unidirectional
composite specimens measured at the onset of the electric current applications (beginning
of the experiments, t = 0 sec) and after electric currents were applied for 1 minute (end of

experiment, t = 60 sec).
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Figure 3.12: Unidirectional Samples: Voltage vs. Current, Steady Currents
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Figure 3.13: Unidirectional Samples: Voltage vs. Current, Steady Currents

From Figures 3.12 and 3.13 shown above, it can be seen that the change in resistance

with respect to time results in the composite specimens having a dynamic resistor effect
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and not a static or Ohmic resistance. Moreover, there is a critical value of the current
above which linear Ohm’s law fails and the voltage-current relationship becomes
nonlinear. In the experiments conducted in this study, this critical value was 50 A, which
corresponded to a 65617 A/m? current density (as described previously). Furthermore, it
was noticed that below 50 A, electrical resistance changed little over time, while above

this value there was an increase in the resistance with time.

3.3.3 Current-induced Heating of 32-Ply Unidirectional

IM7/977-3 Composites

Heating in the electrified composites is caused by electrical conduction (Joule
heating) and contact resistance heating generated at composite electrode interface, which
are equally significant for the response of electrified composites. This section presents
results of temperature measurement on 32-ply unidirectional IM7/977-3 composites
(samples #12, #13, and #14) subjected to electric currents of various magnitude,
frequency, and duration. As mentioned before, the temperature distribution on the surface
of composite specimens was measured by five thermocouples. These thermocouples are
denoted by either “Thermocouple #1,” “Thermocouple #2,” etc., or “TC #1,” “TC #2,”
etc. Figure 3.14 shows the position of thermocouple as well as the copper electrodes and

composite specimen location.
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Figure 3.14: Thermocouple Location

As seen in Figure 3.14, the middle plate and the top plate have been hidden from view to
enable a clear view of the thermocouples’ copper bus bars and composite specimen.

Here “x” represents the distance from the left edge of the composite and copper contact
interface and “y” represents the length along the contact interface. As mentioned in
Section 2.3.2.1, the thermocouples are separated by 25.4 mm (1 in) from each center axis.
The current flow is from anode to cathode (negative to positive). The distances of the
thermocouples with respect to the left side copper-composite interface and the desired

distance can be seen in Table 3.7.
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Table 3.7: Thermocouple Location for Unidirectional Composites

Thermocouple Distance from Interface, x [mm]
Sample # TC #1 TC #2 TC #3 TC#4 TC #5
12 19.5 44.9 70.3 95.7 121.1
13 22.8 48.2 73.6 99.0 124.4
14 23.7 49.1 74.5 99.9 125.3
Desired 25.4 50.8 76.2 101.6 127.0

Note that this thermocouple placement was not symmetric with respect to the middle of
the specimens with smaller distance between thermocouple #1 and the copper bar
attached on the left and larger distance between thermocouple #5 and the copper bar
attached on the right (see Figure 3.14 for details).

Figure 3.15 shows temperature change, 47, measured by the infrared
thermocouples (TC #1, TC #2, TC #3, TC #4, and TC #5) vs. time in the 32-ply
unidirectional IM7/977-3 composite (sample #12) subjected to a 25 Hz sine wave electric

current with l,,g=50 A. The initial temperature, Ti,, was Tin=18°Cand AT =T - Tin.
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Figure 3.15: Unidirectional Sample #12: Temperature Change vs. Time: o = 25 Hz, l.yq

=50 A

As seen in Figure 3.15, the temperature of thermocouples #1 and #5 measure the highest
temperature on the composite surface, #2 and #4 the next highest, and #3 the lowest
temperature. This was found to be the same for all samples tested. Thus, there was a
temperature gradient in the composite produced across the composite by current-induced
heating. Moreover, this gradient is formed in the direction of the applied current and is a
result of the heating due to the electrical contact resistance as will be explained in detail
in the later sections of this thesis.

Figure 3.16 shows the temperature distribution in sample #12 subjected to a 25 Hz
sine wave and l,q = 50 A, after the electric current was applied for 1 minute. As seen, the
temperature distribution in the plate is not symmetric with the temperature being higher
at the left end. This is due to the fact that, in all experiments performed in this work, the
copper bus bar attached to the left end served as the anode and the copper bar attached to

the right end served as a cathode (see Figure 3.14 for details). In both steady and time-
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varying current experiments, the direction of the current flow did not change, thus
leading to different temperatures at the left and right ends of the specimen with the
temperature at the anode being higher than at the cathode. Also any error present in

temperature measurement can yield differences in the temperatures at the ends of the

plate.

14

12 \\
= 10
B \
5 y
H \ /
g
2 6
i
g \ /
g 4
[ 1)
[

2

0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Dimensionless Distance [x/a]

Figure 3.16: Unidirectional Sample #12: Temperature Change vs. Dimensionless

Distance: ® =25 Hz, la,g=50 A

Note that in Figure 3.16 the temperature is plotted versus dimensionless distance from the
electric contact interface. This “dimensionless distance” is computed by normalizing the
distance of the thermocouple measuring location (x) with the total length of the plate (a)
from the anode to the cathode. In the case of the samples tested, a = 150 mm (5.91 in).

Also, markers indicate the location (dimensionless distance) at which the temperature
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measurement was taken by the infrared thermocouples on the composite surface. The

arrangement of the thermocouples can be seen as shown previously in Figure 3.14.

Similar temperature measurements have been conducted at other current magnitudes

and frequencies listed in Table 3.3. Figure 3.17 shows the results of different current

magnitudes of a sine wave with © = 25 Hz for sample #13.
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Figure 3.17: Unidirectional Sample #13: Temperature vs. Time: ® = 25 Hz
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Figure 3.17 reveals the relationship between the average current and temperature
change at 25 Hz. It can be seen that the higher the current magnitude and the closer the
proximity to the contact interface, the greater the change of the composite surface
temperature. Figure 3.18 displays the temperature change with respect to the
dimensionless distance of the thermocouple from the composite and copper bus bar
contact interface, with markers indicating the location at which each measurement was
taken. The results are shown for all three unidirectional samples, #12, #13, and #14,

subjected to a 50 Hz sine wave and layg = 75 A.
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\‘:———._____:.,//
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] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
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Figure 3.18: Unidirectional Samples: Temperature vs. Dimensionless Distance: o = 50

HZ, lag=T75 A

As shown in Figure 3.18, each sample had different temperature distributions under the

same experimental conditions. It is assumed that this difference in the temperature
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distribution came from the difference in electrical contact resistance from sample to

sample. It would be expected that samples with the highest initial resistance would have
the highest temperature after 60 seconds of current application. This was not found to be
the case for these samples in these experiments. Figure 3.19 displays the time history of

the resistance of samples #12, #13, and #14 subjected to the sine wave current o = 50 Hz,

lavg= 75 A.
0.03
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0.025 /‘;’—ﬁf —
g o0 f
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g om Sample #13
—Sample #14
0.005
0
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Figure 3.19: Unidirectional Samples: Resistance vs. Time: ® =50 Hz, la,g=75 A

Table 3.8 shows the initial, average, and final resistance for samples #12, #13, and

#14 subjected to l.yg= 75 A and ® = 50 Hz sine wave current.
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Table 3.8: Initial, Average, and Final Resistance for
Unidirectional Composites, ® = 50 Hz and layg= 75 A

Resistance [Q]
Sample Initial Average Final
#12 0.0193 0.0246 0.0268
#13 0.0191 0.0224 0.0225
#14 0.0207 0.0249 0.0254

Analyzing Figures 3.18 and 3.19 and Table 3.8, one can see that the sample #13
had the lowest resistance through the experiments, but did not have the lowest
temperature. Moreover, samples #12 and #14 had similar resistance values, but did not
have similar temperatures. At the same time, it can be seen that the resistance for sample
#12 continued to rise throughout the entire experiment, while the resistance of sample
#13 increased initially and then remained fairly constant from approximately 20 seconds
to the end of the experiment (60 seconds). Sample #14 increased initially until
approximately 30 seconds then lowered until the end of the experiment. After 1 minute,
sample #12 had the highest resistance of the three samples tested. This high resistance
also corresponded to the highest change in temperature seen after 1 minute of current
application among the three samples, as seen in Figure 3.18. This trend, however, was
not confirmed with samples #13 and #14. Here sample #13 had lower resistance than
sample #14, but the change in temperature was higher for sample #13. Thus it can be
concluded that the entire time history of the resistance influences the temperature change

in the electrified composite.
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These same findings were also investigated for steady current applications. The

time history of the change in surface temperature with respect to time for a 75 A steady

current application can be seen in Figure 3.20.
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Figure 3.20: Unidirectional Sample #12: Temperature Change vs. Time, Steady Current: |

=75A

As can be seen in Figure 3.20, a temperature gradient is present. Figure 3.21

displays the temperature distribution for a 75 A steady current application. The time

history of the resistance for the same experiment can be seen in Figure 3.22.
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When comparing Figures 3.21 and 3.22, one can see that the highest resistance
measured was for sample #12, which correlated to the highest change in temperature as
well. However, this was not the case for samples #13 and #14. The difference in the
final resistance (after 1 minute) between samples #13 and #14 was 16%. Consequently,
this difference in resistance only attributed to a 4.5% and 3.5% difference in temperature
as measured by thermocouples #1 and #3, respectively. This was unexpected as the
difference in resistance between samples #12 and #14 was only 11.7%. This smaller
difference in resistance corresponded to a 48% and 25% increase in temperature as
measured by thermocouples #1 and #3, respectively.

It is believed that no correlation was observed between the resistance values and
the temperature change due to relatively small difference in the resistance of three tested
samples. Thus, experiments involving samples with significantly different resistances
needed to be carried out (described later in Section 3.3.4) to establish the relationship
between the resistance and the temperature.

It was also verified, as one would expect, that a decrease in the average current
would result in a decrease in specimen surface temperature. This temperature decrease

can be seen in Figure 3.23 as well as the resistance time history in Figure 3.24.
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Figure 3.24: Unidirectional Sample #12: Resistance vs. Time: @ = 50 Hz
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In Figure 3.23 it can be seen that a decrease in average current (75 A to 50 A)
resulted in a decrease of surface temperature of approximately 22° C and 5° C as
measured by thermocouple #1 and thermocouple #3, respectively. Furthermore, it can
also be noticed that the higher the average current, the greater the change in surface
temperature of the composite specimens. This trend was found to hold true for all
frequencies tested. In Figure 3.24 the resistance time trend for @ = 50 Hz and I,y =50 A
remains mostly constant throughout the entire experiment when compared to the
continually rising resistance of 1,4 = 70 and 75 A.

Once again it was found that a decrease in the current magnitude resulted in a
decrease of surface temperature for steady current applications. Figure 3.25 displays the
temperature distribution for steady current application, while Figure 3.26 shows the

resistance time history.
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Figure 3.26: Unidirectional Sample #14: Resistance vs. Time, Steady Current

In Figure 3.25 it can once again be seen that a decrease in current (75 A to 50 A)
resulted in a decrease of surface temperature of approximately 6° C and 1° C as measured
by thermocouple #1 and thermocouple #3, respectively, for sample #12. As shown in
Figure 3.26, the resistances for all three current magnitudes are very similar to one
another with a maximum difference of 0.007 Q between all three currents.

The effect of frequency on the change in temperature for sample #13 can be seen
in Figure 3.27 with markers indicating the location of the temperature measurement. The
time history of the resistance can also be seen in Figure 3.28. As noted previously, the
temperature distribution is not symmetric throughout the plate. Figure 3.27 also reveals
that frequency does not have a noticeable effect on the temperature distribution of the
composite specimens. This was also found to be the case for samples #12 and #13.
However, for sample #14, it was found that for all frequencies (o = 25, 50, 150 Hz) and
average currents (la,g =50, 70 and 75 A) tested, there was a reduction in the overall

temperature change from steady current application. The remainder of experiments did
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not reveal any trend of temperature as a function of frequency. Therefore, it can be

concluded that temperature is not a function of frequency. A summary of the differences

in temperature from steady to time-varying current (70 A) can be seen in Table 3.9.

Table 3.9: Percent Change in Temperature for Unidirectional Composites from
| =70 A Steady Current to layg = 70 A Time-Varying Current

Percent Change in Temperature From 70A Steady Current
Frequency, o [Hz] Sample | TC#1 | TC#2 | TC#3 | TC#4 TC #5
#12 -27.7 -12.7 -64.0 -62.4 -50.9
25 #13 8.5 11.1 9.5 12.9 1.6
#14 -50.3 -49.5 -49.4 -44 .4 -50.0
#12 -16.5 -3.8 0.0 0.0 -1.5
50 #13 4.5 0.0 2.7 10.0 0.0
#14 -35.5 -41.1 -31.6 -37.0 -37.2
#12 -9.2 -3.8 -8.0 -11.9 -10.4
150 #13 -11.5 -16.2 -12.2 -5.7 20.5
#14 -61.9 -66.3 -14.7 -70.4 -65.1
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Figure 3.28: Unidirectional Sample #13: Resistance vs. Time: lag=70 A
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When comparing Figures 3.27 and 3.28, it can be seen that frequencies with lower
resistance had corresponding higher changes in temperature, and vice versa for higher
resistances. As mentioned previously, the relationship between the contact resistance and
change in surface temperature is not well defined due to samples having very similar

resistance values.

3.3.4 Electrical Response and Current-induced Heating of

32-Ply Unidirectional IM7/977-3 Untreated Composites

To understand the effect of contact resistance and the change in surface temperature, an
additional 32-Ply Unidirectional IM7/977-3 composite sample was tested. The specimen
was subjected to steady current magnitudes of 1, 10, 20, 30, 40, and 50 A and varying
application times. This sample differed from samples #12, #13, and #14 by not being
subjected to sample preparation as described in Section 2.4.1. The samples were only
“lightly” sanded with a 440 and then 600 grit sand paper on the contact surface to remove
any frayed or loose material. As noted previously, the samples were subjected to steady
currents for varying times while measurements of the current, voltage, and resistance
were recorded. The application time of the current was determined by the surface
temperature of the sample. If the temperature became higher than 140° C, the experiment
was stopped as soon as possible due to the fixture temperature limitations as described in
Section 2.3.3.3. The time history of the resistance for this untreated sample can be seen

in Figure 3.29.

www.manaraa.com



101

1.6

1.4

1.2

—_—1A

0.8 —10A

—20A
0.6

Resistance [22]

e

— 304
0.4

—— 04

0.2 — 504

0 10 20 30 H) 50 60

Time [s]

Figure 3.29: Unidirectional Untreated Sample #19: Resistance vs. Time, Steady Current

As seen in Figure 2.29, the resistance is fairly constant for 1-30 A current
applications. In these cases, the changes in the current are minimal. Due to the
temperature rising quickly for the 40 and 50 A cases, it cannot be determined what the
resistance would have been for extended application. It is not likely that the test would
be able to be continued for more time because the sample would reach the glass transition
temperature as described in Section 2.3.3.3.

The values of the resistance and application time for untreated sample #19

subjected to the current magnitudes listed previously for steady current can be seen in

Table 3.10.
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Table 3.10: Steady Current Resistance and Application
Time for Unidirectional Untreated Sample #19

Resistance [Q]
Current [A] | High Low Average | Time [S]

1151862 | 0.91646 | 0.92379 60
10 | 0.76589 | 0.65348 | 0.67346 60
20 | 0.56096 | 0.49599 | 0.51453 43
30 | 0.46790 | 0.39177 | 0.41297 22
40 | 0.44187 | 0.35610 | 0.38433 5
50 | 0.39715 | 0.31187 | 0.35117 4

When comparing Tables 3.6 and 3.10, the resistance value for the untreated
sample at 50 A steady current is approximately 13.5 times greater than sample #12,
which had the highest resistance of the three specimens with the same current magnitude.
The higher resistance of the untreated sample is due to the fact that the sample did not
have a perfectly flat edge on the contact surface and that not all of the conductive carbon
fibers were in contact with the copper bus bar. This is due to the preparation process
when the samples are cut. In the case of treated samples, the contact edge is treated with
a silver conductive epoxy to help flatten the surface and to promote contact with the
fibers. Moreover, high contact resistance in the untreated sample led to the rapid increase
in the surface temperature. The surface temperature with respect to time for varying

current magnitudes can be seen in Figure 3.30.
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Figure 3.30: Unidirectional Untreated Sample #19: Temperature vs. Time, Steady

Current.
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3.4 Results of 32-Ply Symmetric Cross-Ply IM7/977-3

Composite Specimens

3.4.1 Electrical Response of 32-Ply Symmetric Cross-Ply

IM7/977-3 Composites to Time-Varying Currents

The types of specimens tested next were 32-ply symmetric cross-ply IM7/977-3
composites. These composites, as the name suggests, have fibers orientated in the 0°
direction for the first layer and 90° direction for the second layer repeated to 16 (plies)
and symmetrically repeated for another 16 layers. With this fiber arrangement, one
would expect a higher contact resistance of the specimens due to only half of the
conductive fibers being available at the composite/copper contact interface. This higher
contact resistance would be roughly twice that of the 32-ply unidirectional IM7/977-3
composites. Of the available 32-cross-ply IM7/977-3 composite specimens, three were
used to investigate the electrical and thermal response when subjected to time-varying
and steady electrical loads using the fully instrumented system as described in Section
2.3.2. Initially, specimens #15, #16, and #17 were tested. As with the 32-ply
unidirectional samples discussed earlier, a fourth sample (#18) was tested to ensure that
the correct waveform and current amplitude was being applied to the composite
specimens by the power supply. This also gave an additional sample to compare
resistance against as well as ensure that the temperature in the specimens due to an
applied electric current was below both the glass transition temperature of the specimens
and the charring temperature of the wooden fixture as noted in Section 2.3.3.3. After
analyzing the data, it was determined that a fifth specimen (#22) needed to be tested to
validate the results of the experiments as will be discussed later. This sample would only

be subjected to steady currents.
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According to the procedure outlined in Section 2.4.2, samples #15, #16, and #17
were first subjected to a 1 A steady current for 5 seconds to ensure that all three samples
had similar contact resistance. If a sample did not have similar resistance to the others,
sample preparation (as described in Section 2.4.1) was repeated. The resistance of the

composite samples subjected to the steady current can be seen in Table 3.11.

Table 3.11: 1 A Steady Current Resistance for Symmetric
Cross-Ply Composites

Resistance [Q]
Sample Average Maximum Minimum
#15 0.08178 0.08503 0.07854
#16 0.05429 0.05460 0.05397
#17 0.08998 0.09200 0.08795
#22 0.09030 0.09052 0.09004

As seen in Table 3.11, the resistance of sample #16 was well below that of the
other samples tested. With sample #16 having much lower resistance, an additional
sample (#22) was tested. Additionally, in Table 3.11, sample #22 produced similar
contact resistance values to samples #15 and #17. With the resistance values of samples
#15, #17, and #22 within an acceptable range, a sine wave time-varying current was
applied. The shape of the voltage and current, as measured by the DAQ system for
sample #17 subjected to sine wave current with o =50 Hz and layg = 75 A can be seen in

a reduced time step in Figures 3.31 and 3.32, respectively.
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Figure 3.31: Symmetric Cross-Ply Sample #17: Voltage vs. Time, ® =50 Hz, la,g = 75 A
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Figure 3.32: Symmetric Cross-Ply Sample #17: Current vs. Time, ® = 50 Hz, lg= 75 A
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The plots of voltage and current as functions of time as shown in Figures 3.31 and
3.32 have a reduced time step to clearly demonstrate that the experimental setup is
capturing the time-varying electrical current. Furthermore, the figures also confirm that
the sine wave prescribed is what is being applied to the composite specimens. Markers
on both figures indicate the time when each measurement was taken. Using the voltage
and current measurements, the electrical resistance of the composites subjected to time-
varying electrical load could be determined. The general trend of the composite electrical
resistance (an average over the sine wave period) as function of time over a 1 minute time
for sample #17 subjected to varying current magnitudes at 150 Hz can be seen in Figure

3.33.
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Figure 3.33: Symmetric Cross-Ply Sample #17: Resistance vs. Time, ® = 150 Hz
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It should be noted that Figure 3.33 displays the resistance with respect to time

using only the filtered and refined data to reduce the amount of data points. This process

is required due to high sampling rates and the large amount of data points collected. The

time trend of the resistance of symmetric cross-ply composites produced slightly different

results than that of the unidirectional composites shown previously in Figure 3.4. As one

can see, in the case of cross-ply composites the resistance remains fairly constant

throughout the entire experiment. This is different from the unidirectional samples where

the resistance sharply increased and eventually lowered or remained steady. As in the

case of the unidirectional specimens, the resistance of the cross-ply specimens is

dependent on the average value and amplitude of the electric current. Here, higher

average current results in smaller resistance, and lower average current results in higher

resistance. The results for samples #15 and #22 were very similar to those as shown in

Figure 3.33 for sample #17 and were therefore omitted. Sample #16 exhibited a different

behavior. Figure 3.34 displays resistance vs. time for sample #16.

0.025

0.02

0.015

0.01

Resistance [(]

0.005

lavg = 50A (Refined)

lavg = 704 (Refined)
—lavg = 754 (Refined)

10

20

30 40 50 60

Time [s]

Figure 3.34: Symmetric Cross-Ply Sample #16: Resistance vs. Time, ® = 150 Hz
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As shown in Figure 3.34, the resistance follows a trend similar to that of the
cross-ply samples #15, #17, and #22. However, the values of the resistance are similar to
that of the unidirectional samples #12, #13, and #14. Furthermore, the resistance did not
appear to be a function of the average current magnitude. All three average currents, 50,
70, and 75 A, resulted in very similar resistance values. This was found to be the case for
all frequencies tested as well as for steady current application. This behavior of sample
#16 proved to be inconsistent when compared to other cross-ply samples. Upon testing
sample #22 under steady current applications, the result agreed with the behavior of
samples #15 and #17. Therefore, the results of sample #16 cannot be considered an
accurate representation of the cross-ply sample population. The percentage difference
between the lowest and the highest measured contact resistance for each time-varying
current experiment can be seen in Table 3.12. Here the highest resistance value is

denoted as “High” and the lowest as “Low”.
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Table 3.12: Percent Change in Resistance for Symmetric Cross-Ply

Composites, Time-Varying Electric Current

Sample #15
Frequency Average %
[Hz] Current [A] | High [Q] Low [Q] Difference
50 0.0447 0.0438 2.01
25 70 0.0406 0.0399 1.64
75 0.0406 0.0401 1.21
50 0.0468 0.0455 2.83
50 70 0.0424 0.0413 2.62
75 0.0419 0.0413 1.44
50 0.0483 0.0463 4.41
150 70 0.0433 0.0426 1.57
75 0.0437 0.0427 2.49
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Sample #16
Frequency | Average %
[HZ] Current [A] | High [Q] Low [Q] Difference
50 0.0238 0.0233 2.45
25 70 0.0226 0.0218 3.77
75 0.0233 0.0221 5.34
50 0.0223 0.0220 1.27
50 70 0.0220 0.0215 2.14
75 0.0220 0.0216 2.24
50 0.0218 0.0215 1.32
150 70 0.0218 0.0215 1.31
75 0.0217 0.0214 1.50
Sample #17
Frequency | Average %
[HZ] Current [A] | High [Q] Low [Q] Difference
50 0.0510 0.0474 7.59
25 70 0.0455 0.0436 4.33
75 0.0444 0.0414 7.14
50 0.0512 0.0490 4.45
50 70 0.0457 0.0446 2.45
75 0.0457 0.0438 4.47
50 0.0505 0.0495 2.02
150 70 0.0469 0.0451 4.02
75 0.0463 0.0447 3.45
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Referring to Table 3.12 it can be seen that the resistance for the cross-ply samples

remains fairly constant under time-varying current with the largest difference between

low and high resistance values being 7.59%. However, the steady current application did

tend to produce a resistance that changed with respect to time. In the steady current

application, there was a maximum change from low and high resistance of 35.51%. Note

that sample #22 is omitted from Table 3.12, as it was only subjected to steady current

application. By extracting raw unprocessed data (unfiltered/non-reduced), the shape of

the resistance wave can be determined with respect to time. This wave follows the shape

of the current applied (sine) due to Ohm’s law governing the resistance. The resistance

wave shape for sample #15 at o = 25 Hz, 1., = 50 and 75 A can be seen in Figure 3.35.
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Figure 3.35: Symmetric Cross-Ply Sample #15: Wave Shape, Resistance vs. Time, o =

25 Hz
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It should be noted that, for Figure 3.35, the resistance waves have been time
shifted so the resistance peaks for both time-varying currents (layg = 50 A and lyg = 75 A)
can be seen at the same time. The shift was done to analyze the effects of the current
amplitude (if any) on the resistance. Here the markers indicate where each measurement
during the experiment was taken. It can be seen that the 50 A average current results in
higher resistance when compared to the 75 A average current application. Moreover, the
shape does not appear as smooth as the voltage and current waves shown in Figures 3.31
and 3.32, respectively. Similar to the unidirectional samples, the cross-ply resistance
calculations result in very small changes in resistance at neighboring points. These small
changes make plotting difficult when interpolation is used to connect the points for a
smooth line. Additionally, any errors in voltage measurements by the U2531A DAQ unit
will have a greater error effect on the resistance calculation. It is difficult to distinguish
from Figure 3.35, but the “amplitude” of resistance of 50 A average current is slightly
larger than that of the 75 A average current. Both average currents in this comparison
had the same peak-to-peak current of 50 A as well. This trend was found to hold true for
all samples under almost every trial similar to that of the unidirectional samples.
However, the difference in “amplitude” is not as noticeable as in the unidirectional
experiments. The resistance wave shapes for 70 and 75 A average currents can be seen in

Figure 3.36.
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Figure 3.36: Symmetric Cross-Ply Sample #15: Wave Shape, Resistance vs. Time, o =
25 Hz

As seen in Figure 3.36, the resistance amplitude is greater for 70 A average
current than that for 75 A. In this comparison, both current values had different peak
resistance at minimum current. This is due to 70 and 75 A having different minimum
currents (40 A and 50 A, respectively). Therefore, one would expect that the 70 A
average current would have higher peak resistance than the 75 A average current. The
minimum resistance values are very similar for both average currents. These minimum
resistances occurred at the maximum current application, which was 100 A for both
average current applications. It should also be noted that in Figure 3.36 the resistance
waves have been time shifted so the resistance peaks can be seen at the same time with
markers indicating time when the actual measurements for current and voltage were
recorded and the resistances have been calculated.

It has been shown earlier in Figures 3.31 and 3.32 that the system is capable of

capturing the waveform applied to the composite specimens by the experimental set-up.
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However, as mentioned earlier in Section 3.3.1, it was also important to ensure that the
current, voltage, and resistance were being measured in the same phase by the DAQ
system. This was verified by scaling the current and resistance to the voltage and plotting
them together. This process was performed on many of the experiments to ensure the
phase synchronization. A 150 Hz example of such scaling and phase plotting can be seen
in Figure 3.37. This plot also shows that the electric resistance is directly related to the
amplitude of the applied time-varying current: resistance is in phase with the current, and

there is an increase in the resistance as the current magnitude decreases.

m——Sraled Current
m—Craled Voltage

====Sraled Resistance

10 10005 1001 10015 1002 10025 1003 10035 10.04

Time [5]

Figure 3.37: Symmetric Cross-Ply Sample #15: Scaled Current, Voltage, and Resistance

vs. Time, o = 150 Hz
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3.4.2 Electrical Response of 32-Ply Symmetric Cross-Ply

IM7/977-3 Composites to Steady Currents

As in the case of the unidirectional experiments, the cross-ply specimens were
also subjected to steady currents of zero frequency (o = 0 Hz) in addition to the time-
varying current application. Figure 3.38-3.41 shows resistance vs. time for samples #15,

#16, #17, and #22 subjected to varying magnitudes of steady current.
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Figure 3.38: Symmetric Cross-Ply Sample #15: Resistance vs. Time, Steady Current
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Figure 3.39: Symmetric Cross-Ply Sample #16: Resistance vs. Time, Steady Current
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Figure 3.40: Symmetric Cross-Ply Sample #17: Resistance vs. Time, Steady Current
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Figure 3.41: Symmetric Cross-Ply Sample #22: Resistance vs. Time, Steady Current

Table 3.13 shows maximum and minimum values of the resistance subjected to

50, 70, and 75 A steady current magnitudes for each sample.

Table 3.13: Steady Current Minimum and Maximum Values of Resistance

for Symmetric Cross-Ply Composites

Sample #15
Frequency Percent
[Hz] Current [A] | High [Q] Low [Q] Difference
50 0.0480 0.0412 16.53
0, Steady 70 0.0456 0.0379 20.33
75 0.0468 0.0378 23.85
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Sample #16
Frequency Low Percent
[HZ] Current [A] | High [Q] |[Q] Difference
50 0.0248 0.0229 8.32
0, Steady 70 0.0251 0.0233 7.73
75 0.0274 0.0232 17.89
Sample #17
Frequency Low Percent
[HZ] Current [A] | High [Q] [[Q] Difference
50 0.0523 0.0490 6.77
0, Steady 70 0.0472 0.0401 17.94
75 0.0486 0.0387 25.44
Sample #22
Frequency Low Percent
[HZ] Current [A] | High [Q] [[Q] Difference
50 0.0456 0.0422 7.92
0, Steady 70 0.0440 0.0402 9.47
75 0.0438 0.0416 5.50
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Similar to the time-varying current, electrical resistance under steady currents

does not stay constant. However, changes in the electrical resistance under steady

currents are smaller when compared to time-varying currents (see Figures 3.33, 3.34, and
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3.38-3.41). Moreover, electrical resistance under steady current monotonically increases
with time, whereas electrical resistance under time-varying currents was not a monotonic
function of time. Furthermore, the electrical resistance at the 50 A steady current tends to
be higher compared to the 70 A and 75 A currents. This was found to be the opposite for
unidirectional samples as the 50 A steady current yielded lower resistance than that of 70
A and 75 A. Additionally the unusual behavior of sample #16 (lower resistance) is
obvious when compared to the remaining three samples tested (#15, #17, and #22). Also,
the variation in the resistance from sample to sample increases as the current magnitude
increases. This variation of the four samples can be seen in Figure 3.42 as resistance vs.

time subjected to a 50 A steady current.
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Figure 3.42: Symmetric Cross-Ply: Resistance vs. Time, Steady Current, | =50 A
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In addition to the behavior of the electrical resistance, voltage-current
characteristics were examined for all specimens at the onset of the electric current
applications and after the electric current had been applied for 1 minute. As emphasized
earlier, each specimen undergoing testing was treated following the procedure described
in Section 2.4.1 to reduce contact resistance. After that the specimen was placed into the
fixture and a steady electric current was applied for 1 minute, while current, voltage, and
surface temperature were measured. After that the specimen was allowed to cool back
down to ambient temperature (if necessary) and the next test under a higher current
magnitude was conducted. As mentioned previously, the minimum tested current was 1
A, which corresponded to the current density of 1312 A/m?, and the maximum current
applied was 75 A, which corresponded to the current density 98425 A/m?. The current
densities were computed by using the composite sample dimensions as shown in Table
3.1 and computing the total contact area by using the thickness and width.

Figures 3.43 and 3.44 reveal the voltage-current relationships for the cross-ply
composite specimens measured at the onset of the electric current applications (beginning
of experiments, t = 0 sec) and after electric currents were applied for 1 minute (end of

experiments, t = 60 sec).
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Figure 3.43: Symmetric Cross-Ply: Voltage vs. Current, Steady Currents
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Figure 3.44: Symmetric Cross-Ply: Voltage vs. Current, Steady Currents

Similar to the unidirectional samples, the change in resistance with respect to time

in the cross-ply composite specimens has a dynamic resistor effect and not a static or
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Ohmic resistance as seen in Figures 3.33 and 3.34 above. However, unlike the
unidirectional samples, the initial voltage-current relationship tended to become nonlinear
at approximately 50 A. Moreover, the final voltage-current relationship also had a
critical value of current at which linear Ohm’s law fails and the voltage-current
relationship becomes nonlinear. This critical value was also 50 A, which corresponded to
a 65617 A/m? current density (as described previously). Moreover, it was noticed that
below 50 A, electrical resistance changed little over time, while above this value there

Wwas an increase in the resistance with time.

3.4.3 Current-Induced Heating of 32-Ply Symmetric Cross-Ply

IM7/977-3 Composites

This section presents results of temperature measurement on 32-ply symmetric
cross-ply IM7/977-3 composites (samples #15, #16, #17, and #22) subjected to electric
currents of various magnitude, frequency, and duration. As mentioned before, the
temperature distribution on the surface of composite specimens was measured by five
thermocouples. These thermocouples are denoted by the notation as described in Section
3.3.3. Referring to Figure 3.14, shown previously, the location of thermocouple, the
copper electrodes, and composite specimen can be seen. The locations of the
thermocouples with respect to the left-side copper-composite interface and the desired
distance can be seen in Table 3.14.

Unlike the unidirectional samples tested, the thermocouple placement was
symmetric with respect to the middle of the specimens for all samples tested. Here, equal
distances are present between thermocouple #1 and the copper bar attached on the left
and thermocouple #5 and the copper bar attached on the right (see the Figure 3.14 for

details).
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Table 3.14: Thermocouple Location for Symmetric Cross-Ply

Composites
Thermocouple Distance from Interface, x [mm]
Sample # TC#1 TC #2 TC#3 TC #4 TC #5
15 25.4 50.8 76.2 101.6 127
16 25.4 50.8 76.2 101.6 127
17 25.4 50.8 76.2 101.6 127
22 25.4 50.8 76.2 101.6 127
Desired 25.4 50.8 76.2 101.6 127

As performed previously with the unidirectional samples, the ambient
temperature, Ti, was subtracted from the temperature, T, to obtain the temperature change
of the composite surface, AT. For the cross-ply trials, Ti,, was Ti, = 19°C. This leads to
the temperature change as dictated by A7=T-T;,. Figure 3.45 displays the temperature
change, 47, measured by the infrared thermocouples (TC#1, TC#2, TC#3, TC#4, and
TC#5) vs. time in the 32-cross-ply IM7/977-3 composite (sample #17) subjected to a 150

Hz sine wave electric current with l.g= 75A.
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Figure 3.45: Symmetric Cross-Ply Sample #17: Temperature Change vs. Time: » = 150
Hz, lag=75 A

As seen in Figure 3.45, the temperature of thermocouples #1 and #5 measure the
highest temperature on the composite surface, #2 and #4 the next highest, and #3 the
lowest temperature. This was found to be the same for all samples tested. When
comparing the temperature change time history to unidirectional specimens, the
temperature rose quicker in the cross-ply specimens due to the increase in the contact
resistance. As with the unidirectional samples, there was a temperature gradient present
in the composite. This gradient is produced across the composite by current-induced
heating. This gradient is formed in the direction of the applied current. Moreover, the
same factors found in the unidirectional samples were determined to be the cause of this
gradient in the cross-ply specimens. This temperature gradient for sample #15 subjected
to a 150 Hz sine wave and l,g= 50 A, after the electric current was applied for 1 minute,

can be seen in Figure 3.46.
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Figure 3.46: Symmetric Cross-Ply Sample #15: Temperature Change vs. Dimensionless

Distance: ® = 150 Hz, lag= 50 A

As seen, the temperature distribution in the plate is not symmetric with the
temperature being higher at the left end. This is due to the fact that in all experiments
performed in this work the copper bus bar attached to the left end served as the anode,
and the copper bar attached to the right end served as a cathode (see Figure 3.14 for
details). In both steady and time-varying current experiments, the direction of the current
flow did not change, thus leading to different temperatures at the left and right ends of the
specimen with the temperature at the anode being higher than at the cathode. Also, any
error present in temperature measurement can yield differences in the temperatures at the
ends of the plate. Note that in Figure 3.46 the temperature is plotted versus
dimensionless distance from the electric contact interface. This “dimensionless distance”

is computed by normalizing the distance of the thermocouple measuring location (x) with
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the total length of the plate (a) from the anode to the cathode. Similar to the
unidirectional samples, the cross-ply samples had dimensions of a = 150 mm (5.91 in).
Also, markers indicate the location (dimensionless distance) at which the temperature
measurement was taken by the infrared thermocouples on the composite surface. The
arrangement of the thermocouples can be seen as shown previously in Figure 3.14.
Additionally, the changes in surface temperature were much greater for the cross-ply
specimens when compared to the unidirectional samples. This is due to the increase in
contact resistance as noted previously. Table 3.15 compares the change in surface
temperature, as measured by thermocouple #1, for unidirectional and cross-ply specimens
for = 25 Hz sine wave current and steady current applications of varying current
magnitudes measured at the end of the experiments (60 seconds).

Similar to the unidirectional experiments, temperature measurements have been
conducted at other current magnitudes and frequencies listed in Table 3.3. Figure 3.47
shows the results of different current magnitudes of a sine wave with @ = 150 Hz for

sample #17.
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Table 3.15: Symmetric Cross-Ply and Unidirectional Change in Surface
Temperature Comparison of o = 25 Hz and Steady Current

Average | 32-
Frequency | Current | Unidirectional | Maximum Temperature | 32-Cross-
[HZ] [A] Sample Change [C] Ply Sample

#12 12.6 20.4 #15
50 #13 15.2 13.1 #16
#14 5.1 18.2 #17
#12 25.0 36.4 #15
25 70 #13 21.7 25.7 #16
#14 9.8 28.8 #17
#12 28.3 42.3 #15
75 #13 26.0 29.7 #16
#14 9.7 31.1 #17
#12 15.2 22.7 #15
#13 10.4 13.8 #16

50
#14 8.8 16.7 #17
NA NA 13.0 #22
#12 34.6 43.9 #15
#13 20.0 25.9 #16

0, Steady 70
#14 19.7 28.0 #17
NA NA 23.0 #22
#12 41.1 52.5 #15
#13 22.5 30.6 #16

75
#14 21.5 29.8 #17
NA NA 26.9 #22
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Figure 3.47: Symmetric Cross-Ply Sample #17: Temperature vs. Time, o = 150 Hz

Figure 3.47 displays the relationship between the average current and temperature
change at a frequency of 150 Hz. It can be seen that the higher the current magnitude and
the closer the proximity to the contact interface, the greater the change of the composite
surface temperature. Figure 3.48 shows the temperature change with respect to
dimensionless distance of the thermocouple from the composite and copper bus bar

contact interface, with markers indicating the location at which each measurement was
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taken. The results are shown for cross-ply samples #15, #16, and #17 subjected to a 50

Hz sine wave and l.,g= 75 A.
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Figure 3.48: Symmetric Cross-Ply: Temperature vs. Dimensionless Distance: o = 50 Hz,

lavg= 75 A

Note that sample #22 is not shown, as this sample was only subjected to steady

current applications. As seen in Figure 3.48, each sample exhibited different temperature

distributions under the same experimental conditions. Furthermore, it would be expected

for samples with higher contact resistance to exhibit higher changes in temperature, as

discussed previously in this thesis. This was also found not be the case in the cross-ply

specimens. This is seen by comparing sample #15 and #17. Here sample #15 has lower

average resistance (0.0417 Q) than that of sample #17 (0.0454 Q). Referring back to

Figure 3.48, sample #15 resulted in a higher change in surface temperature when

www.manharaa.com



131

compared to sample #17. Moreover, these characteristic were not found to be constant
throughout all of the experiments performed. This, as was the case with unidirectional
samples, leads to the assumption that the change in temperature may be a function of the
resistance time history as well as differences in Joule heating from sample to sample. As
noted earlier, sample #16 exhibited different contact resistance behavior when compared
to that of the other three cross-ply samples. This contact resistance difference also
resulted in different temperature behavior. As seen in Figure 3.48, sample #16 did not
exhibit a temperature gradient seen in samples #15 and #17 as well as the unidirectional
samples #12, #13, and #14. There was practically no change in the temperature
throughout the length of the composite specimen #16. The time history of the resistance
of samples #15, #16, and #17 subjected to sine wave current settings as in Figure 3.48 (®

=50 Hz, l.yg= 75 A) can be seen in Figure 3.49.
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Figure 3.49: Symmetric Cross-Ply: Resistance vs. Time: @ =50 Hz, l,yg= 75 A
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The initial, average, and final resistance for samples #15, #16, and #17 subjected to la4=

75 A and o = 50 Hz sine wave current can be seen in Table 3.16.

Table 3.16: Initial, Average, and Final Resistance of
Symmetric Cross-Ply, lag= 75 A and ® = 50 Hz

Resistance [Q]
Sample Initial Average Final
#15 0.0419 0.0417 0.0417
#16 0.0219 0.0217 0.0216
#17 0.0438 0.0454 0.0457

As noted previously and using Table 3.16 and Figure 3.49, one can see that
sample #15 had the lowest resistance through the experiments, excluding sample #16 due
to deviant behavior. This, however, did not lead to a lower change in temperature, as
sample #15 had the highest change in surface temperature. The resistance trends for the
cross-ply samples tended to remain fairly constant throughout the entirety of the
experiments. These trends were present in all of the cross-ply experiments. This is in
contrast to the unidirectional specimens, where an initial resistance rise was present,
followed by a slow fall or leveling off as mentioned previously.

Additionally, similar experiments were carried out for steady current applications.
The time history of the change in surface temperature with respect to time for a 50 A

steady current application can be seen in Figure 3.50.
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Figure 3.50: Symmetric Cross-Ply Sample #17: Temperature Change vs. Time, Steady
Current: 1 =50 A

The heating in the composite plates due to the steady electrical current also
produced a temperature gradient throughout the length of the plates. This temperature
gradient can be seen in Figure 3.51 for 50 A steady current application. The time history

of the resistance for this experiment can be seen in Figure 3.52.
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Figure 3.51: Symmetric Cross-Ply: Temperature vs. Dimensionless Distance, Steady
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Figure 3.52: Symmetric Cross-Ply: Resistance vs. Time, Steady Current: | =50 A
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Comparing Figures 3.51and 3.52, one can see that the highest resistance measure
was for sample #17, followed by #15, #22, and #16. However, this resistance order does
not correlate with the change in surface temperature. Here, sample #15 had the highest
change in temperature followed by the three remaining samples, which all had similar
temperature distributions. Looking at samples #15 and #17, there is a difference of
approximately 7.8% in the final resistance (after 1 minute), with sample #17 being
greater. However, this lower resistance of sample #15 resulted in a temperature increase
of roughly 11° C and 4° C, as measured by thermocouples #1 and #3, respectively.
Additionally, the temperature gradient for three of the four samples is different than that
observed for the unidirectional samples discussed earlier. Here, the gradient for the
cross-ply samples #1, #17, and #22 display different results than sample #15. Sample
#15 produces the typical shape of the temperature gradient present in the previous
unidirectional trials.

As mentioned earlier with the unidirectional specimens, no correlation was
observed between the contact resistance values and the surface temperature change. This
is believed to be due to relatively small difference in the resistance of the four samples
tested. Therefore, the change in the surface temperature is believed to be a function of
the resistance time history as well as any differences in the samples that would have an
amplified effect on the Joule heating.

A comparison of the effect of average current on the temperature distribution can

be seen in Figure 3.53, along with the resistance time history in Figure 3.54.
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Figure 3.53: Symmetric Cross-Ply Sample #15: Temperature vs. Dimensionless Distance:
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Figure 3.54: Symmetric Cross-Ply Sample #15: Resistance vs. Time: o =50 Hz
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In Figure 3.53 it can be seen that an increase in the average current directly affects
the change in surface temperature of the composite specimens. A decrease in average
current from 75 to 50 A resulted in a decrease of surface temperature of approximately
28° C and 15.3° C as measured by thermocouple #1 and thermocouple #3, respectively.
This was found to be the case for all samples, experiments, and average currents tested.

In Figure 3.54 it can be seen that the resistance remains fairly constant for the entirety of
the experiment.

The current/temperature findings above were also confirmed for steady current
applications. This temperature relationship with current can be seen in Figure 3.55, as

well as the resistance time history in Figure 3.56.
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Figure 3.55: Symmetric Cross-Ply Sample #22: Temperature vs. Dimensionless Distance,

Steady Current
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Figure 3.56: Symmetric Cross-Ply Sample #22: Resistance vs. Time, Steady Current

Referring to Figure 3.55, it can be seen once again that decrease in average
current (75A to 50 A) results in a decrease in the surface temperature of approximately
14° C and 12.3° C as measured by thermocouple #1 and thermocouple #3, respectively,
for sample #22. Figure 3.56 also reveals once again that the resistance during the
experiment was fairly constant with very little change throughout the experiment. Note
that the resistance for 70 and 75 A is very similar in value, resulting in the two
overlapping on the plot.

The effect of frequency on the change in temperature can be seen in Figure 3.57,
with markers indicating the location of the temperature measurement. The time history
of the resistance associated with the experiment can be seen in Figure 3.58. As noted
earlier, the temperature distribution is not symmetric throughout the plate. Figure 3.57
also reveals that frequency does not have a noticeable effect on the temperature
distribution of the composite specimens. This was found to be the case for all samples

#15, #16, and #17. However, sample #15 exhibited a different behavior at l,,g = 75 A
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and o = 25 Hz. Here, the change in temperature was lower compared to the steady
current state case at | =75 A. This situation only occurred in only one sample and one
experiment. Therefore, it can be concluded that temperature is not a function of
frequency. A summary of the percent differences in temperature from steady to time-
varying current (75 A) measured at the end of each experiment (60 seconds) can be seen

in Table 3.17.

Table 3.17: Percent Change in Temperature for Symmetric Cross-Ply
Composites, 75 A Steady and 75 A Time Varying Electric Currents

Percent Change in Temperature From 75A Steady Current
Frequency, ®
[Hz] Sample TC#1 TC#2 TC #3 TC#4 TC#5
#15 -19.1 -11.4 -6.6 -7.8 -9.7
25 #16 1.5 1.9 3.6 1.1 -2.8
#17 11.2 10.6 7.5 -0.8 4.2
#15 3.7 3.6 0.8 11.4 6.5
50 #16 -1.9 4.7 2.8 15 -6.3
#17 10.4 -0.4 1.3 -0.4 8.8
#15 7.9 6.9 12.1 17.9 10.6
150 #16 1.1 4.3 4.4 0.8 -3.2
#17 14.0 13.2 7.0 5.4 12.7
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Figure 3.57: Symmetric Cross-Ply Sample #15: Temperature vs. Dimensionless Distance:
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Figure 3.58: Symmetric Cross-Ply Sample #15: Resistance vs. Time: lag= 75 A

www.manharaa.com




141

When looking at Figure 3.58, it can be seen that experiments with higher frequencies
resulted in higher contact resistance trends, with the steady current having the highest
resistance. However, this did not correlate with the change in surface temperature as one
might expect as steady current had the second lowest change in surface temperature. As
mentioned previously, the relationship between the contact resistance and change in
surface temperature is not well defined due to samples having very similar resistance

values.

3.5 Experimental Conclusions

3.5.1 Electrical Behavior of IM7/977-3 Composites

A series of electrical characterization tests on IM7/977-3 unidirectional and
symmetric cross-ply composite laminates have been performed and the effects of electric
current magnitude and duration, electrical resistance, and associated thermal effects have
been investigated. After a thorough review of all of the electrical characterization and
thermal behavior test results, conclusions can be drawn based off of the electric current
characteristics (i.e. different average currents, time-varying frequencies, steady currents)
and composite lay-up (unidirectional and symmetric cross-ply).

First, it was found that the electrical resistance for unidirectional specimens
subjected to time-varying electrical current tends to increase with time. The resistance
starts at an initial value, then sharply rises, and eventually lowers to a steady value. This
sharp increase can be as much as 30% from the initial resistance. Frequency did not
appear to play arole in the trend of the resistance. Different frequencies at the same
average currents tended to produce very similar resistance curves. However, there was a
relationship found between the average current and the magnitude of the calculated

resistance waveforms. Here, it was found that higher average currents resulted in lower
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average resistances. Moreover, it was discovered that the amplitude of resistance tended
to be lower for higher average currents compared to lower average currents with the same
peak-to-peak current.

Second, for the symmetric cross-ply samples tested, different electrical resistance
behavior was noted for applications of time-varying currents. For these fiber
orientations, the time history of the resistance remained fairly constant throughout the
experiments. Little change (< 8%) was noticed from the beginning of the experiment to
the end. Similarly, with the unidirectional samples, very little change in the resistance
time history was noticed with a change in the electrical current frequency. Higher
resistance values were also calculated at lower average current levels when compared to
higher average current levels. A relationship was also found between the average current
and amplitude of resistance similar to that of the unidirectional samples. However, this
relationship was not as well defined as in the previous case. Additionally, the resistance
was also roughly twice as much as the unidirectional samples tested under the same
conditions. This was expected as the cross-ply specimens have half of the conducting
fibers available for electrical current transfer.

Results of steady current applications for both unidirectional and symmetric
cross-ply lay-ups produced different electrical resistance behavior compared to time-
varying currents. For both fiber orientations, the electrical resistance under steady
current does not stay constant. This was noted as monotonically increasing with time.
Furthermore, the calculated electrical resistance was lower when compared to time-
varying currents. However, there were some differences in the steady current electrical
resistance behavior between the two fiber orientations. For unidirectional samples, the
resistance increased with an increase in steady current magnitude. This is in contrast to
cross-ply specimens, as a decrease in resistance was noticed with an increase in the

steady current magnitude.
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Finally, an interesting voltage-current relationship was revealed for steady current
application. It was found that the resistance for unidirectional and cross-ply specimens
was linear up to a critical value. Once above that value, the relationship becomes
nonlinear and linear Ohm’s law is no longer valid. This critical value was found to be 50
A for steady current. Furthermore, this critical value also had an effect on the resistance
over time. The behavior of the electrical resistance showed very little change under the
50 A critical value over time. However, at or above this value, variations from the initial

to the final resistance have been shown.

3.5.2 Thermal Behavior of IM7/977-3 Composites

The electrical current of both time-varying and steady currents results in the
electrical energy being converted to Joule heat. The change in temperature due to Joule
heat and contact resistance was accurately and consistently measured by the 5 infrared
thermocouples used in the experimental set-up. This current-induced heating of the
composites resulted in noticeable relationships. First, it was observed for both types of
current applications and fiber orientation that an increase in current magnitude (or
average current) resulted in an increase in the surface temperature of the composite
specimens. Moreover, the temperature distribution across the composite sample in the
direction of the applied current is highly non-uniform. Because of contact resistance, the
ends closer to the contact interface measured higher temperatures. However, for cross-
ply specimens, this increase in temperature was higher for the same current levels
compared to unidirectional specimens. This is a result of only half of the conductive
fibers being available for electric current conduction in cross-ply samples as compared to
unidirectional ones, resulting in a higher current density and higher contact interface
heating. Moreover, for the varying frequency range tested, a relationship could not be

determined between the frequency and resistance and temperature. Thus, it has been
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concluded that that frequency (up to 150 Hz) had no noticeable effect on the resistance or
the temperature increase of the composite specimens. This was found to be true for both
unidirectional and cross ply samples tested.

The obtained experimental results not only give insights into the electrical and
thermal behavior of electrified IM7/977-3 carbon fiber polymer matrix composites, but

also provide valuable data for the future development and calibration of models.
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CHAPTER 4
SUMMARY AND RECOMMENDATIONS

4.1 Summary

In this work, the electrical characterization and associated thermal effects on
IM7/977-3 unidirectional and symmetric cross-ply composite laminates subjected to
time-varying and steady currents were studied. A fully automated set-up developed for
the electrical and thermal characterizations. Real-time measurements of the electric
current, voltage, and temperature made it possible to obtain voltage-current
characteristics, time-dependent electrical resistance, and spatial and temporal temperature
variations in the composites.

It was found that the electrical resistance of the composites is higher when
subjected to the electric current of time-varying frequencies as compared to that of steady
currents. Furthermore, the electrical resistance behavior of unidirectional composites
differs from that of symmetric cross-ply composite laminates. For unidirectional
specimens, the resistance is lower for steady currents and monotonically increases with
time. For time-varying frequencies, resistance tends to rise sharply and then settle to a
lower value. This is in contrast to symmetric cross-ply specimens where the resistance
was roughly twice as much for steady currents, and also monotonically increased with
time. However, for time-varying frequencies, the resistance remained fairly “constant”
with time. Furthermore, voltage-current relationships for steady current application
reveal that there is a critical value at which the relationship becomes nonlinear and the
linear Ohm’s law is no longer valid.

For current-induced heating, relationships between the current magnitudes for
steady currents (average current for time-varying currents), the electrical resistance, and

current duration were found. Increases in steady current magnitudes or average currents
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resulted in increase of the composite surface temperatures. Additionally, longer
applications of current and higher composite resistance also resulted in increased
composite surface temperatures. However, for both unidirectional and symmetric cross-
ply specimens, it has been concluded that that frequency range tested (up to 150 Hz) had
no noticeable effect on the resistance or the temperature increase of the composite
specimens.

Finally, a system was created to allow for the time coordination of electrical
current application and mechanical impact load. This system allows for a 1 ms time
resolution for the impact and current application. Additionally, this system can be

removed without affecting the normal operation of the impact tester.

4.2 Recommendations

While performing the electrical characterization and monitoring electric current-
induced heating, there were two improvements as well as future investigations that could
be performed. These improvements and investigations are:

1. Further develop a method to reduce the contact resistance at the
composite-copper contact interface. A reduction in the contact resistance
will significantly reduce contact associated heating to further understand
the temperature distribution attributed to Joule heating.

2. Incorporate data acquisition, reduction and analysis into one system. The
combination of these processes will reduce the amount of time that is
spent post-analyzing data.

3. Further explore the electrical characterization and the associated thermal
effects on composites subjected to time-varying electrical currents beyond
150 Hz. For this, additional equipment will be needed as the limit of

frequency output of the current power supply has been reached.
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4. Using the data obtained in this thesis, modify and calibrate finite element
model (FEM) developed in earlier studies (Sierakowski et al., 2008,
Zantout, 2009) to predict the electric-current-induced temperature
distributions in the composites when subjected to time-varying currents.

5. Conduct impact tests on the electrified IM7/977-3 unidirectional and

symmetric cross-ply specimens.
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APPENDIX A
RESISTANCE DATA SMOOTHING AND REFINEMENT

A.1 Resistance Data Smoothing and Refinement

To simplify the data analysis, the resistance data was post-processed. This was
done by averaging the resistance values over set time-steps and then smoothing the
averaged data by reducing the amount of data points. The moving average filter
calculates the average of a number of points (or of an array) in a time-step (or span) and
then repeating at the next time. The simple moving average filter is seen in Equation

Al

n

ZYi

MA =2 (A1)
n

Here, n represents the time-step and v; is the function value at the i step. The array of
resistance values and times needed to be averaged over particular time-steps and include
the associated time. To compute this average over the entire array, Mathematica
computer software was used to determine the new array of averaged values. The

Mathematica function call for Equation A.1 can be seen in Equation A.2.

MovingAverage[list, r] (A.2)

Equation A.2 gives the moving average of list, which represents the array of resistance

and time values computed by average runs of r elements. In the case for the experiments
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performed, list would be the array of resistance and time values with a length given by

Equation A.3.

Length = L, x20xf (A3)

In this equation, Ley, is the length of the experiment in seconds, and f is the frequency of

the time-varying signal.
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APPENDIX B
MEASUREMENT ERRORS

B.1 Measurement Errors

In the experiments performed in this thesis, there were seven key measurements
to be performed. All of these measurements involved measuring and recording voltages.
These voltages would be used to compute the current applied and the resistance of the
composite sample, as well as the surface temperature. Associated with each type of
measurement, there is an expected amount of error and the errors yield uncertainty of the
measurement. The goal is to realize these errors and try to minimize them as much as
possible. Furthermore, with the amount of uncertainty known, a more thorough analysis

of data can be performed to determine if any significant relationships exist.

B.2 Measurement Error Sources

In the performed experiments, the real-time current, resistance and temperature of
the composite samples needed to be obtained. These measurements of current and
resistance cannot be made directly by the utilized equipment; therefore an alternative
approach was used. To determine the current applied to the composite sample, a voltage
drop across a precision shunt resistor is measured by the U2351A data acquisition unit (as
described in Section 2.3.2.3). Using Ohm’s law with this measurement, the current can
be determined. The resistance of this shunt resistor was 0.5 mQ. The maximum current
applied to the specimens in any experiment performed was 100 A, resulting in a voltage
drop of 0.05 V or 50 mV. A problem with such voltage measurements less than 100 mV
is that they are quite susceptible to noise (Figliola, 1995). This becomes even more

apparent with lower current applications such as 1 A, resulting in 0.0005 V or 0.5 mV.
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Error sources for these measurements are: change in shunt resistance, noise, and analog
to digital conversion by the DAQ.

The resistance of the composite specimen is determined by measuring voltage
drop across the composite specimen and mathematically calculating the resistance
(Ohm’s law) by using the current determined previously. The voltage drop measured
here was only vulnerable to noise at current applications of 5 A or less, as the minimum
resistance of any of the samples tested was approximately 0.02Q. Sources of error for
resistance measurements are: voltage measurement by the DAQ as well as current errors
(stemming from DAQ errors), as it is also used to determine resistance (Ohm’s law).

Measurements of temperature are performed by the k-type infrared thermocouples
and U2536A data acquisition unit (as described in Section 2.3.3) and are inherently
subject to the same noise in the current calculation. The range of temperature expected
during experiments was ambient to 220°C. This range of temperature for k-type
thermocouple output results in voltage ranges of 0.718 — 8.138 mV when referenced at
0°C. However, to avoid the noise due to low voltage measurements, the U2802A signal
conditioner was used to amplify (condition) and filter the signal to a voltage (= 10 V) that
can be measured by the U2536A more accurately. Errors in temperature measurement
can be attributed to infrared thermocouples, signal conditioning, as well as analog to

digital conversion by the DAQ.

B.3 Current Error

The error sources listed previously can be used to determine the error bounds of
current applied to the composite sample. Current is the first error to be examined as it
has an immediate effect on the resistance of the composite specimen. The specifications
on the shunt resistance could not be obtained, however it is safe to assume £0.25%

accuracy and 0.002% for every 1°C of temperature change (Current Shunt Resistors,
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2010). The temperature change of the shunt was never recorded during experimental
testing, so a worst case scenario of 50°C will be assumed. With this worst case, the shunt
resistance is 0.5 mQ + 0.00175 mQ. The noise of the low voltage measurements was
eliminated by using built in filters and protective shielding of the measurements wires to
ensure that any stray signals would not affect the measurement. The final error of the
measurement system is the DAQ analog to digital conversion. The analog to digital
conversion errors include gain, offset, linearity, quantization, etc. The AMM software
performs a self-calibration before each experiment eliminating the gain and offset errors
as much as possible. For simplicity only the quantization error will be considered.
Therefore the quantization error is the uncertainty of the measurement and is shown in

Equation B.1.
1
u =e,=+—| — B.1
c Q Z[ZM j ( )

As seen in Equation B.1, Ers is the full-scale voltage expected to be measured and M is
the number of bits of the data acquisition system. An Egs value of 1.25 V is used as this
is the measurement range specified in the AMM software and M is equal to the 14-bit
resolution of the U2531A. This results in an uncertainty in the measurement of + 0.038
mV. Using the uncertainty of the resistance and the voltage, the uncertainty of the
current using Ohm’s law is £ 0.427 A. This is determined by the theoretical voltage drop
(50 mV + 0.038 mV) at the largest current expected (100 A) and the minimum shunt

resistance (0.5 mQ — 0.00175 mQ), as this will result in the largest possible error.
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B.4 Resistance Error

With the uncertainty of the current known, the error in the resistance
measurement can be determined. The uncertainty for the voltage measured across the
composite plate is the same as that for determining the current. However this error will
change for every experiment as each sample differs in resistance as well as resistance
behavior over time. Therefore, the worst-case scenario will be determined to cover all
experimental possibilities. The maximum expected voltage drop across the plate is 10 V.
Using Equation B.1, the uncertainty for the voltage across the composite is = 0.305 mV.
The uncertainty in resistance is a propagation of the two previous errors (voltage and
current) as the resistance is a function of the two (Ohm’s law). The resistance

propagation error can be seen in Equation B.2.

Up = J Z—ﬁuv]z + [“;—fU,]Z (B.2)

Here, dR/dV and dR/dI are the derivatives of Ohm’s law with respect to voltage and
current. Uy and U, are the uncertainty of voltage and current, respectively. Applying

Equation (B.2) leads to Equation (B.3).

Up = \/E UV]2 +|= U,]2 (B.3)

Using uncertainties of 10.000305 V for voltage and 0.427 A for current, as well as 10 V
and 100 A for V and | parameters, leads to an uncertainty of £ 0.1 Q due to the
propagation of error. This is the largest possible error that can be present during any
experiment. The error propagation considers the worst cases for both the voltage and

current measurements and how they affect the resistance.
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B.5 Temperature Error

Errors in the temperature measurement are straight forward, as the manufacturer
of the signal conditioner and the data acquisition system specify a combined accuracy of
+ 1.5°C. The infrared thermocouples have specified error of 3% of the reading as
described in Section 2.3.3.1. Using the maximum temperature of 150° C the maximum

error is = 4.5° C. The total uncertainty for the measurements is given by Equation B.4.

Uy =$yJer” +epag” (B.4)

Here erc is the error of the infrared thermocouples and epaq is the error of the signal
conditioner and data acquisition unit. Using the above information, the uncertainty for
temperature measurements is + 4.74° C. Once again this is the maximum uncertainty that
can be expected. In the majority of experiments performed the temperature never
exceeds 70°C. If this is used as the maximum, the uncertainty can be lowered to + 2.58°
C. The accuracy of the measurement with respect to temperature can be seen in Figure

B.1.
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