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ABSTRACT

Processing a Nickel Nanostrand and Nickel Coated
Carbon Fiber Filled Conductive Polyethylene
by Injection Molding

David A. Whitworth
School of Technology
Master of Science

A new method for pre-impregnating nickel coated carbon fiber with a thermoplastic
polymer to make towpreg, similar to a recently developed coating-line by João P. Nunes et al [1]
and a new electrically conductive thermoplastic are developed. A melted bath was used to help
mitigate health concerns and waste for dispersion of nickel coated carbon fibers (NCF) in low
density polyethylene (LDPE). This towpreg was then mixed with more LDPE or a mixture of
LDPE and nickel nanostrands (NiNS) to a desired filler volume fraction to test the electrical
conductivity of the composite. Some of these mixtures were then injection molded and tested
again for conductivity as well as tensile and impact strength and compared to each other and the
non-injection molded samples.
It was found that mixing NiNS into the polymer in addition to NCF created a more
conductive part than with NCF alone, in a couple orders of magnitude. Also, the shorter the NCF
were, the greater the contribution of the NiNS to the electrical properties of the NCF filled
material. The tensile strength was increased by adding the NCF and NiNS, while the impact
strength (toughness) decreased.

Keywords: David A. Whitworth, NCF, nickel coated carbon fiber, nickel nanostrands,
conductive polymer, conductive plastic, towpreg, injection molding, NNS, NiNS, volume,
resistivity
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1. INTRODUCTION

1.1

Background
We live in an electronic world. Radio and electromagnetic frequencies are all around us.

Most everything we do is dependent on electronics and the functioning of a network of
electronically connected devices.
Facilities, especially government, military and business, are equipped with state-of-theart computerized systems. The electromagnetic properties of the various components make them
susceptible to upset or permanent damage due to environmental effects of an electromagnetic
pulse (EMP) weapon and the secrets guarded behind those electronic barriers can be
compromised by the unintentional leaking of the electromagnetic signals emanating from these
various facilities and components [2].
Not only the threat of violence, but also the interference from other electromagnetic
radiation such as cell phones, microwaves, Wi-Fi and any other electronic device that uses radio
waves is a reason that most electronics and facilities housing electronics are or should be encased
by a conductive “cage.” These cages are made of metal because they must be electrically
conductive. However, polymers are replacing metals and other materials in many applications,
and one place where there is still room for improvement for polymers is in electromagnetic
shielding [3]. However, polymers are inherently insulating or non-conductive. Therefore, to
work as an electromagnetic shield, polymers must be made conductive. One possible pathway to
1

accomplish this is to add conductive fillers to the polymer. One company, Chomerics, has
recently developed a conductive composite material for injection molding that uses nickel coated
carbon fibers (NCF) and nickel-graphite powder in a PC/ABS blend to achieve greater than 85
dB of shielding effectiveness and low through resistance down to 30 mΩ [4]. Another company,
Premix Thermoplastics, Inc. also has, within the last 6 years, developed a line of conductive
polymers using the same materials as Chomerics along with others including carbon nanotubes
to create a conductive polymer line for EMI shielding that is used for injection molding [5].
While there have been many polymers reinforced or filled with carbon fibers and NCF as
well as many with nano particles, metal shavings, or metal fibers, this study is the first time that
NCF had been combined with nickel nanostrands (NiNS) in a polymer for injection molding.
This is exciting as there are few researchers who have investigated the conductivity of polymers
with different levels of NCF. One found at around 10 volume % [6] of NCF in ABS the shielding
effectiveness was approximately 50 dB at frequencies between 10 to 103 MHz. This shielding
effectiveness can be compared to that of a 1 mm thick aluminum plate which shields 30 to 50 dB
effectively between 10 to 103 MHz [7]. Another researcher found with only 3 volume % of vapor
grown carbon fibers (VGCF) in polypropylene (PP) the VGCF/PP became electrically
conductive.
This research is an opportunity to combine two very conductive particles, Chemical
Vapor Deposited (CVD) nickel coated carbon fiber (NCF) and proprietary nickel nanostrands
(NiNS) and produce a conductive composite, even in very thin areas, from a polymer that
generally does not conduct at all. The NiNS should contribute to the conductivity of the polymer
by creating bridges between the NCF as the fibers are straight and the NiNS are branched and

2

will connect the fibers together. The effectiveness of the shielding can be indicated by the
volume resistivity of the conductive polymer [8].

1.2

Statement of the Problem
Two of the big problems in engineering applications with polymers are their low strength

and low conductivity compared with metals. There are two ways to get around this in polymers.
Find a polymer that inherently has these properties, or mix fillers into a polymer to achieve these
properties. The first option is not feasible because polymers are by nature insulators and are
pliable meaning low strength. Although many polymers can be made conductive when
electrically doped (see definition for doping in Section 1.7), they are not inherently conductive.
However, mixing the polymer with conductive fillers to strengthen it and improve the
conductivity is feasible and the possibilities are nearly endless. This thesis will explain research
on improving conductivity by creating an electrically conductive composite via injection
molding using unique methods and fillers especially suited for this application.
For conductivity, some of the fillers that can be added to the polymer are, in no particular
order, carbon fibers, carbon black, vapor grown carbon fibers, metal or metallic particles, metal
coated carbon fibers, and metal coated particles and powders. While many studies have been
done with fiber or particulate fillers, not many have been done with a combination of the two. No
study has been done with NCF and NiNS together as fillers in a polymer.
One difficulty with this study was the nonexistence of a precise percolation theory or
model for determining the threshold at which a composite made from LDPE and filled with NCF
and NiNS becomes conductive. For more on the percolation threshold, see Section 1.7. A
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percolation theory allows a researcher to determine what the conductivity of a filled polymer will
be at certain volume % of conductive filler given certain characteristics of the filler.
There is a theory for NCF in LDPE with fibers at a length of 3 and 5 mm and a model for
0.3 to 0.9 mm long fibers in a polymer called the fiber contact model, but if the hypothesis is
correct, this theory and model won’t work as the characteristics of NiNS combined with NCF are
much different than plain NCF. There is also a model developed for predicting the conductivity
of a polymer reinforced with NiNS, but it doesn’t include fibers [9]. This model was not used in
this paper as it wasn’t accessible.
This study investigated the proper processing parameters for injection molding an
electrically conductive polymer composite made from polyethylene (PE), NiNS and NCF.
Questions answered are:
1. What is a satisfactory way to mix and what is the method to prepare the
composite so there is good dispersion before placing it into the injection molding
machine?
2. What is the process and what are the parameters for doing this?
3. Whether injection molding can be used to mix the polymer and nickel, and
whether it will mix them sufficiently to create electromagnetic paths without
shearing the nano strands and diminishing their qualities.
4. At what percentage of nanostrands and coated carbon fibers does the composite
need to be in order to have a consistent conductivity?
The first two questions are vital as proper mixing will improve the likelihood of
connections between the fillers in the matrix, thus creating a conductive material at the lowest
concentration of fillers possible. Once an electrically conductive material was made in this way,
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the properties of that material could be characterized. The next two questions are others that will
be answered.
Also, it confirmed what Foster found [7], that premixing and melting and creating pellets
for injection molding is better than dry mixing and processing directly from the powder form
into the injection molding machine.

1.3

Thesis Statement
The purpose of this research is to prove that a NCF/NiNS/PE polymer composite can be

injection molded with a smaller volume % of NCF than has previously been done with the same
properties of conductivity. It is believed that the NiNS will create bridges between the NCF thus
improving conductivity. The composite mixture will be easily processed and is conductive
enough to use for Electromagnetic Shielding (EMS) and retain many of the desirable properties
of PE (flexibility, low density, and toughness) while gaining in strength and conductivity.

1.4

Method
It is proposed to try different methods of mixing for dispersion of the fillers, different

volume % mixtures of each type of filler along with some controls of each in 2 cc sizes. Then,
once it seems the percolation threshold and the ideal volume % of filler are determined, a large
batch will be made and injection molded to see whether injection molding is possible with this
new composite.
The same methods for mixing the small batches are to be translated to mixing the large
batches as well as using methods that can easily be scaled up when the time comes for
manufacturing large quantities.

5

1.5

Benefits
Currently, many manufacturers, as well as the Air Force, are looking for ways to protect

equipment and products from an EMP attack and from common radiation interference. There is
concern that a nuclear bomb could influence the upper atmosphere, causing a large
electromagnetic pulse and shorting out most electronic equipment not surrounded by a Faraday
cage [10, 11]. Many of these cages or boxes are made by machining metal to be the size and
shape needed or for bigger items like buildings and rooms, lining them with metal foil or chicken
wire. Others are made from conductively filled polymer composites. A quicker and easier way to
create such a cage is by using a material that is easily made into the shape desired with little time
and material wasted. This calls for injection or compression molding a conductive polymer
composite. Also, with the reinforcement of fiber and nanostrands, the tensile, impact, and wear
strengths should improve, perhaps retaining the flexibility and ease of processing of the PE.
These results could show that NiNS could be added to other conductively filled polymers or
replace current secondary fillers in these same polymers.

1.6

Delimitations
Polyethylene is an easily processed polymer with very low conductivity. Therefore, it is

an excellent test material for this study. The principle objective is to prove that lower volume %
of NCF is needed with NiNS than without to make the polymer conductive. This study will only
research using Chemical Vapor Deposited (CVD) NCF and NiNS received from Conductive
Composites.
The main focus will be on electrical conductivity and ease of processing in the injection
molding machine without excessively damaging the fibers and nanostrands. This will be done by
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checking the lengths of the fibers at each step of the process, as well as the size of the
nanostrands. Then, once the injection molding process has been determined, the parameters for
the machine will be noted, test specimens made and tested. Tensile and impact strengths are the
two main tests performed. Wear and flexural will not be tested, but approximate values may be
inferred from the results of the tensile and impact compared to unfilled LDPE values. Shielding
tests will not be performed but shielding effectiveness will be inferred by testing the volume
resistivity [8].
Injection molding was done using a BOY 50M Machine. The material used was a DOW
LDPE powder and CVD NCF and NiNS with a resistance reading of .001 and .0016 Ω,
respectively, both supplied by Conductive Composites.
Towpreg was created by using a resin impregnating bath in the Plastics Lab of the Snell
Building on BYU campus. This machine was created by past teaching and research assistants to
professors and worked quite well, albeit slow, to coat the NCF with LDPE. Further testing would
have been done had the impregnating bath not broken during the creation of the last batch of
towpreg, leaving just enough for the tests conducted.

1.7

Definitions
Agglomerate – To gather into a ball, mass, or cluster [12].
Aspect ratio – This is the ratio of a shape's longer dimension to its shorter dimension. If

an object or shape has a high aspect ratio, then the longer dimension is much longer than the
short dimension.
Brabender Plastograph – An instrument which continuously measures the torque exerted
in shearing a polymer or compound specimen over a wide range of shear rates and temperatures,
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including those conditions anticipated in actual plant practice. The instrument records torque,
time and temperature on a graph called a plastogram. The results provide information with
regard to processability of an experimental compound and the effects of additives and fillers. It
also measures and records lubricity, plasticity, scorch, cure, shear and heat stability and polymer
consistency. Also known as a PLASTICORDER [13].
Carbon black – A material produced by the incomplete combustion of heavy petroleum
products. It has a high surface area to volume ratio and is used as pigment and reinforcement in
rubber and plastic products [14].
Doping – The process of intentionally introducing impurities into an extremely pure
semiconductor to change its electrical properties. The impurities added are dependent upon the
type of semiconductor. This process adds electrons to the material to give it an electric charge.
The material can then be de-doped, or have the electrons removed.
Faraday Cages – A Faraday cage or Faraday shield is an enclosure formed by conducting
material, or by a mesh of such material. Such an enclosure blocks out external static electrical
fields. Faraday cages are named after physicist Michael Faraday, who built one in 1836 [10].
Nickel Nanostrands – Nanostrands are self assembled three dimensionally branched and
interconnected high aspect ratio sub-micron chains of pure nickel. They form a volumetrically
continuous network of nano and micro level Faraday cages [15].
Ohm – a unit of electrical resistance equal to the resistance between two points on a
conductor when a potential difference of one volt between them produces a current of one
ampere [16].
Percolation threshold – Percolation theory is used to determine how a given set of sites
(filler particles), regularly or randomly positioned in some space (polymer), is interconnected
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[17]. Inherent to the theory is the fact that at some critical probability, called the percolation
threshold, a connected network of sites is formed which spans the sample, causing the system to
“percolate” [18].
Plastics and polymers – Plastic in a general sense can mean anything that can change
shape. In this paper, it is mostly interchangeable with polymer. They will both be used to
describe a product made from polymers such as polyethylene and polypropylene.
Towpreg – A towpreg is a tow of continuous fiber that has been impregnated with resin,
usually by means of a resin bath that the fiber tow passes through while the resin is in a liquid or
semi-liquid state.

1.8

Thesis Organization
The following numbered list explains what will be covered in the different chapters:
1. This chapter introduces conductive composites and the history behind them, especially
nickel nanostrands and nickel coated carbon fiber.
2. The next chapter, the Literature Review, discusses what has been done in the field before
along with properties of the materials and the injection molding process.
3. The third chapter discusses the different methods of mixing, processing and the
difficulties to be overcome for injection molding a metal filled polymer. This chapter will
also discuss the methods used in order to develop the new material and processing
method for it.
4. Chapter four delineates the results from the research with properties that were achieved
by the new material.

9

5. The fifth chapter provides a summary of the research with conclusions and
recommendations for further study.
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2. LITERATURE REVIEW

This chapter provides a detailed look at what has been done in the field of conductive
composites. In particular how nickel coated carbon fiber (NCF) and nickel nanostrands (NiNS)
filled polymers can benefit industry. This chapter explores whether what is being researched is
something new and beneficial to the manufacturing and composites worlds.
One of the main uses for electrically conductive composites is for Electromagnetic
Interference (EMI) shielding. Electromagnetic shielding is necessary for electronics to block out
the interference of radio frequency waves to digital electronics. Governments require such
shielding more and more frequently [19]. Ideally, EMI shielding materials will be easily shaped
and processed and have all the conductive characteristics of metal without the manufacturing
costs and design limitations.
The field of electrically conductive polymers, or injection-moldable electrically
conductive polymers, is fairly new. There has been work in it for only the past few decades, but
the possibilities are endless.

2.1

Conductive Materials
The formation of a conductive path through or along the surface of a material is what

determines its electrical conductivity properties [20]. Many metals allow for the free flow of
electrons throughout the material, and this is what makes metals highly conductive.
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and is represented by σ and follows

Electrical conductivity is measured in

Ohm’s law. This conductivity, σ, is an intrinsic property of a pure material. Ohm’s law relates
the current, voltage, and the electrical resistance. Metals have large conductivity which is
typically greater than

but never greater at room temperature than pure silver [21].

Pure silver has a conductivity of

at 20°C [22]. The element nickel has a
[23].

conductivity of

Ohm’s law is an empirical law, not a fundamental law of physics. This means that it does
not always work. When extreme charges are applied to wires, for instance, the wire does not
behave according to Ohm’s law. The mathematical equation of this law is shown as follows:
(2.1)
Where

is Volts and is the electrical potential difference. is the electrical current and

is the resistance, measured in ohms, which are volts per amp ( ) where

is ampere [24]. Ohms

are a measure of the resistance between two points of a material when passing a current through
it. This is why ohms are a measurement of the resistivity of a material; the material resists
electrical conductivity. So, if a material’s resistivity is very small, it is said to have great
conductivity and is called a conductor.

2.2

Carbon Fibers
The smallest particle of a substance is known as a basic unit. Basic units usually have a

strong and stiff direction based on the bonding at the atomic and molecular level. When many
basic units are combined together such that the strong and stiff directions are aligned, a whisker
is created. Whiskers are very small, have higher strength and stiffness in the lengthwise direction
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than the widthwise, and can have properties very close to the ideal properties of a basic unit.
Their width is around 1 micron and the length is 10 to 100 times the width. This disparity
between the length and width is called the aspect ratio. A whisker stops being a whisker when
the aspect ratio is larger than 1:100. It is then called a fiber [25]. A fiber is any polymer, metal,
or ceramic that has been drawn into a long and thin filament [26].
Fiber-reinforced composites are composites in which the dispersed phase is in the form of
a fiber (i.e., a filament that has a large length-to-diameter ratio) [26].
Carbon is the building block of life. It is the second most abundant element in living
organisms and yet it accounts for only .02% of the mass of the earth's crust. As pure carbon, it is
found as diamonds and graphite. It is the main component of fossil fuels and other carbonaceous
minerals. As graphite, it is used for electrodes and lubricants [27]. Graphite occurs naturally, and
is found in sheets, not in fibers. In the USA, many people erroneously use the term graphite or
graphite fiber to refer to carbon fibers. This should not be the case. Carbon fibers are man-made
and are not classified, according to the International Union of Pure & Applied Chemistry
(IUPAC), as graphite, nor should they be called graphite [28].
Carbon fibers are conductive as they are made of mostly carbon. They have been around
for many years, at least since Thomas Edison applied for patents on making carbon fibers from
bamboo [29] to use in some of his first light bulbs, but they did not have the high strength
properties that we associate with them until the 1950s. Polyacrylonitrile (PAN) is used
extensively for fibers. It is soft and used for clothing and other applications. High-quality PAN is
used as the precursor for making carbon fibers by a process of pulling it through multiple ovens
under a controlled process until the fibers turn into carbon/graphite fibers [30].
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The precursor material of the carbon fibers is important because the combination of
various fiber properties and the behaviour of the carbon fiber mechanically, physically, and
chemically depend strongly on the raw material [28]. The different types of precursors are listed
below.
2.2.1 Carbon Fiber Precursors
PAN-based carbon fibers are carbon fibers obtained from polyacrylonitrile (PAN)
precursor fibers by stabilization treatment, carbonization, and possibly final heat treatment at
even higher temperature.
Isotropic pitch based carbon fibers are carbon fibers obtained from isotropic pitch
fibers by stabilization treatment and carbonization.
Anisotropic pitch-based carbon fibers (MPP-based carbon fibers) are carbon fibers
obtained from mesogenic pitch after this has been transformed into mesophase pitch (MPP)
during the process of spinning, by stabilization of the spun pitch fibers, carbonization, and final
heat treatment at even higher temperature.
Rayon-based carbon fibers are carbon fibers obtained from Rayon precursor fibers by
chemical pretreatment and carbonization. They are isotropic carbon fibers and can be
transformed into anisotropic carbon fibers with high strength and stiffness by hot stretching
above 2800 K.
Gas-phase grown carbon fibers are carbon fibers growing in a hydrocarbon atmosphere
with the aid of fine dispersed solid catalysts such as iron or other transition metals. They consist
of graphitizable carbon and can be transformed into graphite fibers by heat treatment above 2800
K. [28].
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The various methods have their advantages and disadvantages but they all need to go
through the same basic process in order to become carbon fibers.
This basic process includes a thermosetting or crosslinking phase followed by a
carbonizing phase, and then they are graphitized. This process creates a fiber that is 99% carbon.
Once this is done, the fibers have a surface treatment, are sized, and then are wound on spools
for later use. The surface treatment is usually done by pulling the fiber through a bath of an
acidic or alkaline electrolytic bath. This is to help the fiber wet better with the matrix and the
type of treatment is usually determined by the type of matrix to be used. Sizing or surface
coating is to also help improve the bond between the matrix and the fiber and to improve the
mechanical properties of the fiber under adverse conditions [31]. One type of coating is nickel
coating which will be discussed later and this type of coating is usually done in addition to the
above mentioned treatment and sizing.
Carbon fibers have the highest modulus of any known fiber and are the stiffest of all
known materials especially by weight [32] making them excellent for stiffening metalreplacement plastics.
2.2.2 Carbon Fiber Lengths
Three types of fibers dominate the industry for carbon fiber usage. These are continuous
or very long, intermediate-length, and very short or whiskers. Intermediate and continuous fibers
are used primarily with thermoset resins as the wet-out is easier with low viscosity resins, which
thermosets are, than with thermoplastics. Long and continuous fibers are used in advanced
composites, those made for aerospace and other high strength, low weight structures. Short fibers
or whiskers are used primarily with conventional plastic-processing methods such as injection
molding. These short fibers are generally smaller than 0.2 inches or 5 mm [32].
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2.2.3 Conductivity of Carbon Fibers
Conductivity happens when electrons in a material are allowed to move freely between
molecules. These are delocalized electrons. Carbon fiber has an electrical resistivity of around
155x10-1 ohm-cm [33]. They are used in many applications where electromagnetic shielding is
needed along with high strength and light weight [31]. Carbon fibers are not conductive enough
to dissipate a lightning strike on an airplane. Other materials such as nickel are needed.

2.3

Carbon Fiber Composites
Conductive composites are those composite materials that have a volume resistivity equal

to or less than 500 ohm-cm. There are many ways to get a conductive composite. Metal flakes
can be used as well as carbon black, carbon fibers and metalized or coated carbon fibers [34].
These composites can be made from thermoplastics and thermosets. Thermoplastics are the type
focused on in this paper. One of the best ways to have a conductive composite is to not only
include a conductive filler, but to have a conductive matrix as well [35]. This makes sure the
conductivity does not rely solely on the conductive filler, but allows the matrix to carry some of
the load also.
2.3.1 Thermosets
Rubber, some polyester resins, and epoxies fall into the category of thermosets.
Thermosets are those polymers that, when cured, form crosslinks which are covalent bonds
between polymer chains, not just within molecules. Some thermosets may be formed by slight
heating above their glass temperature range, but many cannot be reformed if heated again once
the crosslinking has occurred. These thermosets are what is generally used when making
composites using carbon fiber as they can be easily formed while curing into complex shapes
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and can wet the fibers more readily than high viscosity thermoplastics like polyethylene [36].
The fibers may be wound, placed by hand or machine, and even run through a resin bath where
they are coated in a thermoset resin and then placed where they need to be. They may also be
coated with uncured resin and stored for later use. This is considered towpreg. Because of the
continuous fiber and customizable placement of the fiber in a thermoset, these composites are
highly customizable. The strengths of carbon fiber can be placed in the directions necessary to
achieve the desired results.
2.3.2 Thermoplastics
Polyethylene, polypropylene, and many other polymers constitute the wide range of
thermoplastics. Generally, thermoplastics are used as commodity plastics. Their mechanical
properties are not high compared to engineering plastics, but fillers can be used to increase the
desired properties. Many filler types can be used, including carbon fibers and metal powders and
flakes. While continuous fibers may sometimes be used in thermoplastics, the processing
methods usually preclude their use as the fibers would be broken up. Once melted and formed,
these plastics may usually be melted again and reformed with little or no degradation of
mechanical properties.

2.4

Conductive Plastics or Polymers
As was discussed briefly in Section 2.2.3 (Conductivity of Carbon Fibers), what makes a

material good at conducting electricity is to have delocalized electrons. The most common way
to make a plastic conductive is to add filler, but there are some plastics or polymers that are
conductive without fillers. These will be discussed here.
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2.4.1 Polypyrrole
Polypyrrole consists of multiple pyrrole rings connected together. Pyrrole is an aromatic
organic compound. It has delocalized electrons in the lone pair of electrons of the nitrogen atom
of the aromatic ring. Thus, pyrroles are electrically conductive. Polypyrrole is found in nature in
polyacetylene and polyaniline [37, 38]. These polymers been known to have high conductivity
since the 1960s, when R. McNeill and his group did studies on them to determine their electrical
conductivity [39-42].
2.4.2 Polyacetylene
Around the same time, much research was started looking into polyacetylene after it was
discovered in the early 1960s [43]. In the 1980s, the first rechargeable plastic batteries were
introduced onto the market using polyacetylene and derivatives like polyaniline. These materials
are what made it possible to make all-plastic batteries for the consumer for the first time[43].

2.5

Polyethylene
Polyethylene is the simplest of all polymers as it only has two carbons and four

hydrogens in the basic repeating polymer unit. It is made from ethylene gas which is easily
obtained. It is one of the most important polymers in the consumer goods as it is low cost and
quite easy to process and recycle [44]. Polyethylene is an excellent insulator and is not generally
thought of as something to use for electrical conductivity. This is why it is a good material to use
for testing the processing of a plastic filled with conductive fillers for conductivity. If it’s
conductive, then it has to do with the fillers and not the matrix material.
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2.6

Composites
A composite can refer to any combination of materials that produce properties superior to

those of the separate components themselves. The individual constituents can be distinguished
from one another after combining [45]. Composites are designed to combine the best
characteristics from each constituent [26]. Since composites combine two or more materials,
there is a slight trade-off in mechanical properties [26]. The two main constituents to a composite
are the reinforcement and the matrix.
2.6.1 Reinforcements
There are three main types of reinforcement in composites: flakes, particles, and fibers
[46]. There are also two main composites groups: advanced and engineering composites.
Advanced composites are used where high strength and mechanical properties are desired more
than low price. Fibers are the reinforcement usually used in advanced composites and usually the
longer they are the better they perform [32]. Another type of reinforcement is a whisker as was
previously discussed. Whiskers are defined under the fiber section. As whiskers are lengthened,
they form fibers, and as fibers, the mechanical properties significantly decrease from what they
were as whiskers, caused by imperfections in the fibers [25]. In order to benefit the most from
the properties of carbon fibers, long continuous fibers are needed. To create “continuous” fibers
from shorter ones, a matrix is needed. The right matrix mixed with the right lengths of fiber can
exhibit fiber properties of a continuous fiber when only shorter fibers are present [47].
2.6.2 The Matrix
The matrix, or resin, allows the fibers to be shaped [32], transfers loads from fiber to
fiber, and protects the reinforcement from damaging environmental effects [31]. It is what holds
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the fillers together. The matrix used in an advanced composite also has superior properties to
those used in engineering composites. Thermosetting resins are the most common form of matrix
for composite materials [25].
Advanced composites began to be heavily used during the 1940s and 1950s. This was
because of the desire for mechanical properties beyond traditional materials [31]. At that time,
the available carbon fibers were of low quality – low strength and low modulus of elasticity. In
the 1960s, the American graphite industry started experimenting with making carbon fibers
based on synthetic polymers instead of rayon. The main synthetic polymer was polyacrylonitrile
or PAN. This is still the preferred method for processing carbon fibers [48]. With this process,
carbon fibers achieved a modulus of 75% of the theoretical modulus.
2.6.3 Matrix Enhancers and Nanostructures
The smaller the filler, the more it changes the nature of the matrix versus being just a
filler. In order to get a composite to be conductive, the matrix or the filler must be conductive or
both. In order to determine how much of the filler or “matrix enhancer” needs to be added to the
polymer, the percolation threshold must be known. This is the amount of filler added to the
polymer at which the conductivity is such that adding more does not increase conductivity by
any significant amount. This threshold can be helpful when making conductive composites. This
can be known for a composite of nickel coated carbon fibers and a polymer but not yet known
for a composite made of nickel coated carbon fibers and nickel nanostrands as this particular
mixture has not been done and as is stated below in section 2.8, nanostrands are a unique
substance [49].
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2.6.4 History of Composites
To understand composites a little better, we need to understand their genealogy. Two
very early forms of composites were brick and plaster. These have been reinforced with straw
and other fibrous materials. The importance of fibrous reinforcement was known to the
Egyptians during the time of the Israelite captivity [50].
In a broad sense, composites have been around for millennia. Many plants and natural
materials can be classified under a broad umbrella of composites including wood and many
fibrous plants [31]. The Romans made what they called caementicum from powdered limestone
and volcanic ash [51] mixed with water and fragments of stone or brick for strength and color
turning it into a versatile material [52]. This is what we call concrete, a very widely used and
common composite material. In our modern day, when we speak of composites, we usually
define composites as a combination of a matrix and reinforcement, which has been designed to
take advantage of strengths of individual constituents [31]. This definition will be used herein.
"The strength and modulus of many plastic materials can be substantially increased by
the addition of strong, high-modulus materials, called reinforcements. These reinforcements are
often in the shape of fibers (such as fiberglass) because fibers can be made very stiff, primarily in
their long direction. In some cases, the orientation of the fibers can be controlled so that a
substantial number of the fibers are in one or more directions, thus allowing the strength and
modulus to be greater in one direction than in others. The elongation of these materials is much
less in that same, high-modulus and high-strength direction, and toughness is usually reduced.
"When the relative volume of the reinforcement fibers is high compared to the volume of
the binder or resin (plastic) in the composite material, the mechanical properties of the fibers
tend to dominate the mechanical properties of the combined material. This is especially true
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when the fibers are long because the applied forces tend to be transmitted along the fibers in
these cases. When the fibers are short, the volume percentage of fibers is low, or the mechanical
properties of the fibers are not significantly higher than the plastic, the properties of the
composite will be much more dependent upon the mechanical properties of both the
reinforcements and the plastic.
"When the reinforcements are long, the processes for manufacturing the composite parts
are often quite different from traditional plastic manufacturing processes. Most often, thermoset
materials, which are not yet crosslinked (and are therefore liquids) are combined with the fibers
and then placed into a mold where the materials are heated to form the crosslinks and solidify the
part. Plastics with short fibers can, on the other hand, often be incorporated into the
[thermo]plastic material that is in traditional forms (such as pellets) and processed in
conventional thermoplastic molding equipment." [20].
The different types of composites can be broken down into: short fiber reinforced,
continuous fiber reinforced, laminates (layered) or sandwich construction, and particle filled
[53].
2.6.5 Conductive Composites
Conductive composites have been researched since the 1950s as replacements for metals.
Conductive composites are those composite materials that have a volume resistivity equal to or
less than 500 ohm-cm [34]. J.F. Zhou created a conductive composite using carbon black (CB)
and poly(methylvinylsilioxane) (PMVS). He developed a formula for finding the percolation
threshold and also considered a resistivity of 107 ohm-cm as being conductive [54]. For the
purposes of this paper, anything with a resistivity lower than 500 ohm-cm will be considered a
conductive composite.
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2.6.6 Carbon Fiber Filled Plastic
U.S. Patent number 5156907 – Injection molding of fiber reinforced articles – says that
injection molding of fiber reinforced molding compounds, without pre-arranged fibers, fail to
fully solve the problem of obtaining a controllable fiber orientation which will produce the
optimum mechanical strength. This patent uses a different type of injection molding machine and
a special injection port geometry to obtain mostly isotropic properties [55].
2.6.7 Commercial Carbon Fiber Filled Plastic
Chomerics of Parker Hannifin Corporation has developed a line of conductive polymers
called Premier for injection molding of EMI shielding products. The conductive filler they use is
NCF and sometimes nickel coated graphite powder [56]. Zeus is another company with a line of
NCF filled polymer for injection molding of EMI shielding products [8]. Premix Technologies
recently introduced a full line of electrically conductive filled polymers called PRE-ELEC. They
use many different types of fillers [5].

2.7

Metal Replacements
Boeing’s new airplane, the Dreamliner, or 787, is made of about 50% composite

materials. This includes the fuselage and wing. This allows Boeing to replace up to 1,500 sheets
of aluminum and thousands of fasteners because the fuselage will be adhesively bonded into onepiece [57]. Many sports equipment and transportation devices from bike frames to golf clubs and
from chairs to train bodies are being made from composites instead of metal [32].
Conductive composites have been searched for since the 1950s as replacements for metal.
To replace metal, they have to be strong and electrically conductive; basically the same
properties of metal, except lighter, cheaper and easier to produce. Much of the search has been
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for good fillers that will mix well with the polymer and give it the same conductive properties of
metal while maintaining the desirable characteristics of the polymer. Some of the most promising
fillers have been carbon and nickel. Buckyballs – sixty carbon atoms arranged in a soccer ball
shape, as well as buckytubes – similar to buckyballs but much longer, can be added to polymers
to obtain better stiffness, strength and toughness [58]. These are two types of conductive fillers
that can be added to a matrix.

2.8

Nano-Nickel and Coated Carbon Fiber Composites
The system of combining nanostrands and nickel coated carbon fibers in a polymer

matrix is very complex and goes well beyond percolation, and is even more complex than
tunneling. Tunneling has to do with wavelengths traveling through a sandwich of one material
with a second in between [59]. An example of this would be wavelengths traveling through a
matrix in between fibers. Tunneling may embrace complex 3 dimensional branched geometry
statistics (a nanostrand is the only conductor with this trait), permittivity, permeability, dielectric
strength, and/or electromagnetic induction [49]. In 1997 Weber and Kamal developed a couple
of different methods to predict the volume resistivity of an electrically conductive composite
using nickel coated carbon fibers as there wasn’t a perfect model to use at the time [18]. This
study also dealt with the percolation threshold. Since this research study is combining NCF with
NiNS and plastic, there isn’t a model developed for it yet either. The only way to determine a
percolation threshold or something like it is to experiment.
In order to obtain the carbon fiber coated with nickel, there are a few different methods
that can be implemented. In 1996, G. Lu researched the preferred methods of electroplating
carbon fiber with nickel. He gave details of the method used in his paper of the same year,
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including electrical and shielding properties of LDPE resin filled with NCF [6]. The reason for
using NCF versus just carbon fibers to combine with NiNS is because the same volume fraction
of NCF as non-coated fibers yields much greater conductivity and shielding [6]. The reason
behind using nickel nanostrands along with the fibers is the nano strands should create a link
between the carbon fibers, causing the composite to be more conductive using a smaller percent
of fibers and NiNS than it otherwise would have. Also, nanostrands add excellent EMI shielding
properties to materials to which they are added [60]. This should improve on the findings of Lu
by decreasing the percent of nickel coated carbon fibers needed to achieve a conductive material.
Once the materials have been mixed and processed, it’s important to understand the
structure of the composites and how well the nanostrands and fibers dispersed in the matrix. This
thesis uses X-rays and an SEM to do this with the material. With an X-Ray, it’s possible to see
the dispersion of the metal and the flow, or direction on a large scale. An SEM is necessary for
looking at the molecular level of the materials. Using X-rays for looking at the material
macroscopically and an SEM for microscopic observation is a good tried method and is how Lu
went about his analysis [6].
In the past, mixtures determined by volume percent have been used because it’s the
volume of the filler that drives the percolation. According to Rosenow, Tzeng and Zhang, a
better way to determine the mixture is by weight percent [61-63]. The only real advantage to this
is being able to weigh the materials. Since volume % is used by most researchers, this thesis will
use volume %. Also, Tzeng found that when mixing fibers coated with copper versus nickel into
LDPE, the nickel coated fibers were for some reason longer than those with copper coating.
Nickel also had an excellent “bond” to the carbon fibers and showed better EMI shielding than
the composite made with copper coated carbon fibers [64].
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2.9

Processing and Manufacturing of Conductive Composites
Processing can be done in many ways. One common method is compression molding.

Another method is injection molding. When processing, the process that will not damage the
filler and will disperse it in the necessary way may drive which process is used.
2.9.1 Compression Molding
Compression molding is used for large and small parts. It is mainly used when thermosets
are being molded. It is a process where a top and a bottom come together with the material to be
molded in between, like a Panini press or waffle iron. This is then pressed and heated until it
cools and hardens [65]. This is the method that has been used quite often for samples when
studying conductive composites.
2.9.2 Injection Molding
Injection molding is used for making precision parts that can have complex and variable
cross sections and even variable surface finishes and characteristics. For high volume product
lines, injection molding can be very beneficial, especially when the parts are very complex. One
of the main problems with injection molding is getting all the parameters of the machine correct
and optimized in order to reduce scrap, improve material properties and appearance, and have a
consistent part every time [66]. One researcher recently performed experiments using the
Taguchi method to determine which parameters of the machine have the greatest effect on the
conductivity of the part being made when using nickel coated carbon fibers in a polymer [67].
Unfortunately, this source was discovered after all the machine settings for this study had been
determined.
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Figure 2-1 A Typical Injection Molding Machine Diagram with Areas and
Parts Labeled [68].

2.9.3 Filled Materials
A good way to mix the fibers with the LDPE powder is detailed in U.S. patent number
3932573 which is for mixing glass fibers with a thermoplastic resin. This method states that the
fibers are metered out and put into one hopper, the polymer in powder form is metered and put
into another hopper, then the two mix as they go through another hopper and into an extruding
screw. There they are plasticized and extruded out, hot roll milled into a sheet, and then the sheet
is diced into pellets [69]. This is great as it may be possible to use the injection molding machine
as a screw extruder and mix the fibers and resin together in there, eject it out of the nozzle while
it’s not connected to the sprue and mold, and place that lump of mixed plastic-fiber compound
between two metal pieces to form a sheet, then cut those sheets into pellets to get the reinforced
compound. Refer to Section 3.5.4 for more information on this method.
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2.10

Nanoparticles
Recently, the Environmental Protection Agency issued a statement [70] that certain

nanostructures like carbon nanotubes are considered to be chemicals and should be treated as
such. While this list doesn’t include NiNS as they are much larger than carbon nanotubes, great
care must be taken as nickel is a sensitizer in humans [71]. While working with the NiNS,
impervious gloves should be worn and proper ventilation utilized. Following the guidelines in
the Material Safety Data Sheet for nickel nanostrands should provide adequate protection from
any harm this material may cause [72].
When working with NCF, it is necessary to properly vent the area, preferably using a
ventilation hood when cutting or chopping the fibers as the carbon fibers that are broken up may
float into the air and enter electronic devices, causing the connections to bridge and short circuit.
Experience suggests that when working around carbon fiber that was not well contained,
computer power supplies may need to be replaced as the carbon fibers short them out. Since
NCF is much more conductive than carbon fibers, NCF can short out the equipment even faster.
As NiNS are soluble in water, unlike nano nickel oxide (NiO) [73], they don’t
agglomerate as much as the NiO and if NiNS are ingested they are passed through the body quite
readily when ingested or inhaled.

2.11

Percolation Theory
There are many theories on how to arrive at the percolation for conductive fillers in a

polymer. Basically what these theories are trying to find is at what point or at what volume
fraction of filler does the composite go from being a good polymer insulator to being conductive
[74]. Percolation means just that, the filler has percolated well enough that no matter where the
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measurement is taken on the part, it will be conductive and adding more conductive filler doesn’t
improve the conductivity by very much.

2.12

Processing Filled and Conductive Composites
There are many different ways of processing polymers and most of those methods may be

used for processing polyethylene (PE). These methods include compression molding and
injection molding.
2.12.1 Hydroxyapatite and UHMWPE Processing
In research mixing hydroxyapatite (HA) with Ultra-High Molecular Weight Polyethylene
(UHMWPE) for medical prosthetic use, Liming Fang was successful in mixing these two
materials with great dispersion [75]. He mixed both of the materials as powders in a twin screw
extruder while swelling the UHMWPE with paraffin oil. He then compression molded the
mixture and used a Scanning Electron Microscope (SEM) to verify the homogeneity of the
mixture. With the proper dispersion, the composite retained the toughness of the UHMWPE but
the Young’s modulus was nine times higher with the HA than the plastic alone [76].
2.12.2 Polyethylene and NiNS Processing
Polyethylene is a very inexpensive and widely used polymer for insulating as it is easy to
process and the cost is low. It is often used for insulating wires and cables in many devices [77].
Since it is a very good insulator, if it can be made to conduct electricity by adding a few fillers,
then it is surmised that most polymers may be processed in a similar manner to make them
conductive.
One problem that has come up with the mixing and processing of NiNS with the PE is
getting the NiNS to disperse well in the PE.
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The best way to get conductive composites by injection molding is to mix, melt and then
process. This is based on various articles, past and current research [6, 75, 76, 78, 79]. George
Hansen, of Conductive Composites, Inc., first provided a couple of samples of PE mixed with
nanostrands as little melted discs he had mixed together, melted on a hot plate while mixing, then
placed between sheets of Teflon to compress it down to mimic an impact test specimen. This
sample, at about 5% by volume nanostrands, was conductive. Later testing was unsuccessful in
obtaining conductivity by mixing in the injection molding machine even at 20% nanostrands as
the NiNS lengths were much shorter. The key was to mix and melt, chop, and then process,
especially if nickel coated carbon fiber is added to the mix, with the fiber being the filler and the
nanostrands being part of the matrix. This creates a conductive matrix as well as a conductive
filler [35].
Currently, there are many composites that are injection molded. There are also many
applications for injection moldable conductive composites. One application is mentioned in US
Patent 6899160 [80], and that is for heat sinks. The patent was filed for creating thermally
conductive composites using metal injection molding material with high and low aspect ratio
filler. This is very close to the carbon fiber and NiNS filler developed in this study. Many of
these composites are also electrically conductive. Many of the authors of the referenced papers
[64, 75, 76] have used compression molding as the final method for processing their composite.
This is because they were looking specifically at conductivity. This study will be looking for
conductivity by way of a specific processing technique. While it seems this may be the better
way to process the material in order to test the conductivity, D. M. Bigg [78] found that for
polymers reinforced with fibers – glass and carbon – to be injection molded, it’s best to use a
single screw compounder for pellets, a double with powder, and even best to use pellets that
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already have the fiber mixed or compounded in to retain the maximum length fibers. Bigg does
not study PE with all the plastics he studies in this paper but his methods should translate to
efforts with PE. He also discusses the different properties of advanced composites and fiberreinforced injection-moldable plastics. The main differences are fiber size, fiber orientation and
concentration. Advanced composites have far superior mechanical properties to any injectionmoldable fiber-reinforced plastic because the fibers are longer, there are more of them and the
orientation is predictable and planned [32]. But, the main reasons for using an injection molding
machine are for production and complexity of part shape.
One important point that Bigg made in his article is that once the critical aspect ratio of
the fiber has been reached, it is not necessary to have fibers any longer. Longer will not increase
the strength, and shorter will decrease it. The critical aspect ratio is determined for a single fiber
embedded in, and completely wetted by, the matrix. The sizing on the fiber plays a critical role in
how well the matrix wets the fiber. At the critical aspect ratio both the fiber and matrix will
fracture along the same failure plane. In other words, they act as a single material versus two.
This study will use fibers with a length of 1/8 inch to ¼ inch, as many others have used fibers 3
mm (0.118”) in length [64]. So, to get the full performance from the fiber in the matrix, the fibers
used must be the critical length or longer.

31

32

3. METHOLODOGY

3.1

Introduction
The simplest way to make an insulating polymer become a conductive polymer is to fill it

with conductive particles. The better the particles that are used to fill the polymer are at
conducting electricity, the more conductive the polymer composite has the potential to be. The
lighter and smaller the fillers are, the more like the original polymer the properties of the
composite will be.
While nickel is not the most conductive material, it is one of the most common types of
conductive fillers used for creating electrically conductive polymer composites. When using
NCF or NiNS independently in LDPE for injection molding, the volume fraction must be very
high in order to achieve conductivity. The percolation threshold for the 1 – 2 mm long NCF in
LDPE is around 7 volume % [18] and that for NiNS in LDPE is around 12 volume %. When two
or more fillers, such as NCF and NiNS are used together, a synergistic combination can result in
greater conductivity with lower loadings of either filler. What is created is a network of
conductivity that connects the two fillers together [81]. This is what happens, in theory, with the
fibers and the nanostrands.
To test the hypothesis of needing less of each type of filler to create a conductive
composite than using either filler alone, a method of mixing and dispersing the fillers needed to
be developed along with a method to determine the volume % in those mixtures afterwards when
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it couldn’t be determined beforehand. Methods for testing and determining conductivity and
dispersion are standard. These methods are measuring the volume resistivity and micro
observation, respectively. This chapter will describe how the methods were developed for
determining the volume % of fillers, in mixing, processing, and testing. It will describe the
methods used for making and mixing the precursor materials. It will also describe the methods
for examining, analyzing, and testing the properties of the new composite material.

3.2

Difficulties with Different Methods
With preliminary research, difficulty was encountered with getting high nickel loaded

LDPE to enter into the screw of the injection molding machine. This was caused by LDPE
powder and nickel nanostrands caking the bottom of the hopper before entering the barrel.
Another problem was the dispersion of the NiNS in LDPE as they tended to clump when dry
mixed with the PE powder (see Section 3.5.2), not distributing very well, even after passing
through the injection molding machine.
This tendency for the material to cake up at the bottom of the hopper and never enter the
screw was a problem. The greater volume % of nanostrands in the mixture, the more likely it was
to cake and not enter the mixing chamber. This was overcome by a solvent-mix-melt method
(see Section 3.5.4), melting them into a sheet, and then pelletizing them to be put into the
molding machine like plastic pellets similar to Lu. He wet mixed the fibers and resin then dried,
melted, and created a sheet to pelletize the mix [6].
Some more issues that have made this study difficult are getting the settings just right in
the injection molding machine to melt and mix the material quick enough to not shear the fillers
or degrade the polymer yet long and hot enough to completely melt the material. The limited
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quantities of filler material made it difficult to try out many different temperature and pressure
settings. Injection molding settings for processing nylon were tried but discarded as not
beneficial as feed zone temperatures should be low allowing the material to enter before melting.
The settings for nylon require the feed zone temperatures to be high with decreasing
temperatures as it moves through the barrel to make the material less viscous, decreasing the
high torques required to melt the plastic without degrading the material [82].
It would have been beneficial to have followed, from the beginning, the suggestions
Cheng gave in the research just published last year. Cheng performed experiments following the
Taguchi method to determine which parameters of the machine have the greatest effect on the
conductivity of the part being made [67]. Unfortunately, this study was discovered after all the
machine settings had been determined and testing was complete.
Another method that was tried for dispersion was to change the base polymer form. Jet
milled PE was used instead of LDPE powder. Jet milling or micronization of a material produces
a powder so fine it’s like talc. The particle size can be as small as 1-10 microns [83]. The way jet
mills work is similar to a nuclear reactor or the Hadron Collider. Beads or pellets of a material
are fed into a hopper and then blown around a toroidal chamber (see Figure 3-1) with multiple
jets of air until they collide enough to reduce to the desired size and they then migrate to the
center and are collected [84]. This creates particles so fine the NiNS wrap around, physically,
each of the particles and create a great dispersion effect.
Another option for mixing is to use some volatile yet nondestructive chemical such as
alcohol to make pastes out of the two materials, LDPE and NiNS, then filter or screen the NiNS
into the LDPE and mix them together again. This works and once the mixture is melted and
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chopped up, it enters the barrel of the injection molding machine quite readily, no matter the
volume % of NiNS, all the way up to 15%.

Figure 3-1 JET-O-MIZER Vertical Jet Mill [85].

3.3

Materials and Equipment
The material used in this research is a low density polyethylene (LDPE) with a density of

.923 g/cc, nickel coated carbon fibers (NCF) with an average resistance of .0016 ohm and
density of 2.3 g/cc, and nickel nanostrands (NiNS) with an average resistance of .001 ohm and
density of 8.92 g/cc. The NCF and NiNS were provided by Conductive Composites, Inc. (Heber
City, UT) and the LDPE was supplied by Dow Plastics (Midland, MI).
The equipment used in this research was a Boy 50 injection molding machine, a Sartorius
lab scale for weighing and finding specific gravity of materials, a Tinius Olsen extrusion
plastometer MP987 for creating towpreg, Mitutoyo 29-349 IP65 electronic digital micrometer for
measuring thickness, a Leica Wild M3C microscope, an Extech 3800560 milliohm meter, a
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Fisher scientific stirring hot plate, a resin bath fiber impregnator created by BYU students for
creating towpreg, as well as various and sundry lab items and equipment.
3.3.1 Low Density Polyethylene
As documentation for this discontinued line of LDPE could not be found, the actual
properties had to be found experimentally. This meant finding the actual properties
independently as it couldn’t be ABS. The specific gravity of the plastic was determined
following a modified version of method 1 of ASTM 792-00 “Density and Specific Gravity
(Relative Density) of Plastics by Displacement of Water” (see Figure 3-2) and matching that to
general Dow LDPE properties [33]. Figure 3-2shows the modified ASTM D792-00 for finding
the density of a material by water displacement. This figure shows NCF filled LDPE. The actual
density of the material is important as knowing the densities of each constituent and the
composite as a whole is important. The modification to the standard method consisted in this:
about 50 g of injection molded LDPE were weighed then placed in a known amount of distilled
water. The weight of the plastic was divided by the apparent volume displacement and the
specific gravity was determined to be .923 g/cc. As this is the density for some Dow LDPE
products and very close to others, this density was used in this study. For processing, the same
procedure detailed below in Section 3.3.3 (Nickel Coated Carbon Fiber), was followed with the
exception there was no fiber.
3.3.2 Nickel Nanostrands
Nickel nanostrands are made in a proprietary process. They are self assembled, meaning
the molecules join together when the environment is right in the processor. The resistivity of the
nanostrands used throughout this study was .0016 Ω. The lengths of the these nanostrands were
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between 1 and 20 microns and the diameters are 1/2 a micron. Those used for this study are
relatively short compared to the lengths that can be used.

Figure 3-2 Modified ASTM D792-00 for Finding
Density of Material by Water Displacement.

3.3.3 Nickel Coated Carbon Fiber
Nickel was placed on the carbon fiber by way of chemical vapor deposition. It was then
wound as a tow on a spool and stored for future use. The average diameter of the carbon fiber
was 7 microns (see Figure 3-3). These two pictures show nickel CVD carbon fiber. The coating
is 80 nanometers thick and the fiber is 7 microns in diameter. The average nickel coating
thickness was 0.1 micron. The length of the fiber started out continuous as it came from a spool.
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Figure 3-3 CVD Nickel Coated Carbon Fiber on Left (Courtesy www.conductivecomposites.com).
Nickel Coating Peeling Away From the Carbon Fiber on Right.

3.3.4 Injection Molding Machine
For all injection molding and mixing-extruding, a Boy 50 Injection Molding Machine
shown in Figure 3-4 was used. A Brabender-like plastograph would have been best to mix the
materials as it would mix the fillers quite uniformly with the polymer. One was not available and
the crucible method worked quite well for small samples, detailed in Section 3.5.4 Solvent-MixMelt.
The parameters of the injection molding machine used for mixing fibers with the polymer
are listed in 5.3.3Appendix A.
3.3.5 Microscopes and X- Rays
These instruments were used extensively to measure the size of the NCF and view the
dispersion and interconnectivity of the NiNS and NCF.
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Figure 3-4 Boy 50 Injection Molding Machine (Photo Courtesy of
www.inspiredhost.com) and Injection Mold (BYU CTB 165)

3.3.6 Scanning Electron Microscope
The Scanning Electron Microscope (SEM) used in this research was a Philips XL30
ESEM FEG, see Figure 3-5. The SEM was used in order to view nanostrands at their individual
level. Following are the steps for using the SL30 ESEM FEG.
Place a sample in liquid nitrogen for a minimum of 5 minutes. Use two flat pliers to
fracture the sample and slice a piece off to get a thing slice. Place the piece on a pedestal using
double sided tape for SEM samples. Coat the sample and pedestal with gold for 15-30 seconds.
Select vent on the machine. Once the chamber is vented, open it up. Place the pedestal in
the hole using pincers. Place the height gage by the sample. Select the Z (height) in the “stage”
area and move the height until the sample is close to but below the height gage. Remove the
height gage. Close the door slowly. Turn the pump on.
Select the beam (10.0 kV) to turn the beam on. To move the sample around, select the
target button (lollipop shaped). The – and + buttons are used to zoom in and out. To fix the
focus, zoom in on highest point of the sample and focus, then lock in to the focus. Zero out X
and Y to go to the center of the stub. To take a picture, select F2, then the file box. When
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focusing and the picture moves up and down, that means the focus is astigmatic. There are four
different settings. Select Imaging. Hold the “Shift” key and select up or down to improve the
astigmatism.
To transfer the images once they have been taken, select all the images to transfer. Select
“T,” then choose the location.

Figure 3-5 Philips XL30 ESEM FEG (Courtesy of www.mtm.kuleuven.be)

3.3.7 Countertop Microscope
This countertop microscope was the first microscope used to view the specimens and test
sample batches. With this microscope, it was possible to magnify the sample 40 times. This was
used to measure the chopped fiber size and to check the dispersion of the NCF in the NCF/LDPE
ropes as well as the dispersion of NCF in the test samples once the pellets or chopped towpreg
had been mixed with the NiNS/LDPE mix.
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3.3.8 X-Radiographs
The digital X-ray machine in the BYU Student Health Center was used in order to see the
NiNS dispersion in the polymer. As can be seen in Figure 3-6, the greater the volume % of NiNS
the more likely to have great dispersion of the NiNS. The X-Ray was also used to determine, in a
sense, how many shots into the mold could be done with each batch before actually getting
consistent loading of the NiNS. Figure 3-6 shows an X-Ray of NiNS filled injection molded
tensile and impact specimens. The numbers correspond to the sample in the run and the %
corresponds to NiNS volume % the batch started out with. These dog bones were made with two
gates. Temperature is the temperature of the front of the barrel. The whiter it is, the more NiNS.

3.4

Mixing the Constituents
Multiple methods were attempted for mixing and dispersing the fillers into the LDPE

before arriving at the method used for all samples tested. One method was dry mixing the
materials together then placing the dry mixture into the injection molding machine hopper. A
second was mixing the appropriate amount of LDPE with NCF while melting this in a weighing
tray on a hot plate. A third method was creating an extruded rope of NCF impregnated LDPE
and as it was the first semi-successful method, it’s detailed in Section 3.4.1. A fourth method was
creating a towpreg using a plastometer and is detailed in Section 3.4.2 but all fibers in the tow
were not coated and it was difficult to chop. A fifth and final method was developed and proved
to be satisfactory as well as up-scalable. This fifth method is detailed in Section 3.4.3.

42

Figure 3-6 X-Ray of NiNS Filled Injection Molded Tensile and Impact Specimens. Notice Uneven
Dispersion and Clumps of NiNS.

3.4.1 NCF Filled LDPE Extruded Rope
The first successful method of mixing NCF with the LDPE was found by feeding the
fiber directly from the spool into the hopper of the injection molding machine, acting as a mixer
and extruder, while feeding in LDPE. One to six tows were fed into the hopper at a time,
depending on the desired volume content. This rope was then guided out of the nozzle similar to
what is shown in Figure 3-7. While the volume % of fiber in the material was impossible to
predict using this method, there was not much floating of fiber into the air as it was continuous
up until it was chopped up by the screw in the barrel of the machine. The lengths of fibers in the
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polymer mixed this way had lengths of 1 mm. At 1 mm, the fiber still has an aspect ratio of
1000:7 which is long enough to begin with as the critical fiber length is 200 microns [64].

Figure 3-7 Creating NCF Filled LDPE Extruded Rope Using Injection Molding
Machine. This Picture Shows the Tail End of the NCF in LDPE.

This method served to create rope-like composites (see Figure 3-8) that could then be
chopped up into pellets or pelletized having a higher than needed NCF content than needed. A
test based on ASTM 792-00 (see Figure 3-2) was used to determine the density and actual
volume % of NCF in the polymer. This was extremely difficult to do with method 1 of the
ASTM 792-00 test as the equations don’t work out for a material that is buoyant in water.
Equipment for method 2 was not available, so a different method was used that didn’t require
finding the specific gravity or density using water.
It was difficult to be sure when the fiber had reached a constant load in the polymer, so
the time it took the fiber to travel once it entered the barrel to exit the nozzle was timed. For a
two meter long tow, it took 45 seconds to disappear into the barrel. The time it took before the
fibers began exiting the barrel was also timed. It then took another 35 seconds. It was estimated
that it took about 45 seconds for the bulk of the fiber to exit the barrel once it had begun exiting
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the nozzle as that was the time it took to enter the barrel. To ensure there was a constant loading
of fibers, the extrusion was cut every 5 seconds until the 110 seconds had passed. Each 5 second
rope was then labeled and set aside for density measuring. This was done for batches with 1, 2, 3,
4, 5, and 6 tows.

Figure 3-8 Picture of Fiber Impregnated LDPE Rope Made by the Single Screw Extrustion Method

The speed at which the fibers were fed in was 20 rpm of the screw with a maximum
capacity back pressure of 725. The fill position was 120 mm so it would not stop filling as the
screw rotated.
Using this method proved difficult to figure out the volume % of fiber filler without a
reliable method for finding density but it created excellent pelletizing material that was easily
and safely chopped. If the filler volume % could be easily known, this method would have been
ideal.
3.4.2 Towpreg Using an Extrusion Plastometer
The plastometer has a cylinder or chamber of about one half inch in diameter with a plug
at the bottom that has a 1-2 mm hole in the center. The way it works is plastic is placed in the
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chamber at the top in bead or pellet form and then exits the small hole at the bottom at a certain
rate at a certain temperature to determine the viscosity of the plastic. One tow of NCF was fed
through this cylinder while feeding the LDPE powder into it at the same time, see Figure 3-9.
The temperature used was 240°C. The rate was not to exceed the ability of the plastic to melt and
flow through the chamber. The tow upon exiting was not fully covered with plastic so when it
was cut still gave way to dry fibers, see Figure 3-10.

Figure 3-9 Dry Fiber Enters and Semi-Coated Fiber Exits the Plastometer

3.4.3 Towpreg Using a Resin Bath Fiber Impregnator
This was the method that gave the best results. The fiber was pulled through a bath of
melted LDPE at the rate of about 4 inches/minute. It was very slow, but yielded good results.
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Then, the length and weight of the fiber tow was used to determine the volume % of the NCF in
the LDPE. It also yielded a towpreg that was easily chopped with a rotary cutter, weighed,
contained and dispersed when processing.

Figure 3-10 Fiber Partially Coated, Mainly One Side Plastic the Other Side Fiber from the Plastometer.

The machine used to coat the fibers with LDPE is shown in Figure 3-11. As can be seen
in Figure 3-12, the fiber enters the bath on the right and is pulled in between two plates with
rollers that stagger each other to cause the fiber to pass through a maximum amount of resin
before exiting the bath on the left. The whole box is heated with a hot plate. This hot plate was
on high temperature the whole time. The fiber came off the spool on the right, went over and
under rollers, into the bath, out of the bath and was wound up on a spool outside of the hood on
the left, see Figure 3-13.
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Figure 3-11 Resin Bath Fiber Impregnator

Figure 3-12 Resin Bath

3.5

Processes
Following is a list of processes used for making precursor material, samples, and what

method was followed for testing in this study.
3.5.1 Nickel Nanostrands
This material was a little more difficult to mix and disperse well in the LDPE than the
NCF. To increase the dispersion, jet-milled PE was used as described in Section 3.2, but wet
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mixing and screening using the powder LDPE was the method ultimately used for all sample
parts.

Figure 3-13 NCF on Top Spool, LDPE Coated NCF or
NCF/LDPE Towpreg on Bottom Spool

3.5.2 Dry Mixing
In initial trials, the mixing of NiNS with LDPE powder was accomplished by greatly
agitating both of the materials in a plastic Ziploc® type bag then pouring them into the funnel of
the injection molding machine. At high volume % loading of NiNS, this didn’t allow the mixture
to enter the barrel. In an SEM, there were still noticeable clumps of NiNS and areas pretty void
of the nanostrands. The nanostrands also did not seem to come out of the mold with the same
volume % as they went into the barrel. This is probably because the NiNS were not templated
(Figure 3-14) or stuck to the individual PE particles and ended up spread out through more PE
than desired.
3.5.3 Water Mixing
To improve the dispersion and adherence of NiNS to LDPE particles, a surfactant in the
form of a very small amount of dish soap, as in 4 drops per 50 g of material, was used with water
to mix the two. This mixture was then dried and put into the funnel of the injection molding
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machine with the same results as before. After this, the method of mixing and melting then
creating a pelletized form of the mixture as most of the researchers have done in this field was
used. This was done by mixing then melting in the oven for a short period of time, about 5-10
minutes in a thin sheet, then breaking up the sheet to place into the injection molding machine.
There were no problems with it entering the machine at loads up to 17 volume %.

Figure 3-14 NiNS Templating Jet-Milled PE in an SEM. Note the NiNS Very
Well Dispersed and Difference in Size Between the Two Materials.

3.5.4 Solvent-Mix-Melt
To increase the dispersion, those working at Conductive Composites, Inc. suggested
using their standard method. This method consisted of mixing and dispersing NiNS in a liquid.
Instead of using water and detergent, just enough Ethanol to wet the NiNS was added to a
container, then this was placed into a centrifugal planetary mixer (THINKY, see Figure 3-16). A
typical process is detailed below.
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Weigh out the proper amount of LDPE, NiNS, and towpreg into separate aluminum
weighing trays using a scale measuring to the .0001 - .001 g. Place the LDPE into a 50 ml
mixing container. Place the NiNS into a 10 ml mixing container. Add 1-1 ½ g of ethanol to the
container with NiNS. Place in THINKY 30 seconds. Screen the NiNS mixture into the LDPE
using a size 50 screen (see Figure 3-15), rinse the screen and the NiNS container off with a little
Ethanol into the LDPE, wick out any excess Ethanol, distribute with a spatula in the 50 ml
mixing container, and place this mixture into the THINKY. This mixture was then dried for 1030 minutes between 150°F and 200°F in the weighing tray for the LDPE. Place into the 100 ml
crucible along with the chopped towpreg. Melt and shear along the sides of the crucible for 8 –
10 minutes to disperse the NiNS and NCF, see Figure 3-17 (Note material mass on bottom side
of crucible and heating aluminum platen behind the crucible). This is to allow the material to
fully melt, getting pretty hot on the bottom. Then spread it as thin as it can be spread on the sides
of the crucible. Once it has been spread, melt and gather up bit by bit, spreading it again for the 8
– 10 minutes.

Figure 3-15 NiNS Being Screened into the LDPE Powder
Before Being Placed in the THINKY.

Once melted and thoroughly mixed, gather all the material of the sample and place in
between two pieces of heavy duty aluminum foil, with the shiny side out (for better optical
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properties under a microscope), on a large flat surface, and compress by applying approximately
200 lb on a heated aluminum platen for 5 seconds on each side to compress the samples into
discs roughly one mm thick and 60 mm in diameter. Refer to Figure 3-18. This figure shows the
sample in between two layers of aluminum foil being compressed under a heated platen.

Figure 3-16 Centrifugal
Planetary Mixer
(www.thinky.co.jp)

Figure 3-17 Mixture Being Scraped Along Wall of
Crucible.

This was similar to Guanghong Lu et al when they mixed ABS with NCF using
chloroform as their wetting agent. They then compression molded a sheet, chopped it up then put
it through the injection molding machine [6]. The only differences between the method in this
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study and what they did was using ethanol vs. chloroform, LDPE vs. ABS, and compressing
disks from the mix instead of sheets to chop.
This method was also used for the large discs made for pelletizing for injection molding.
Once the discs had been made, those were chopped up into pellet sized pieces (roughly 1/8 inch
square) for injection molding. The difference between mixing the test sample discs and the large
discs for the injection molding machine was the material that was going to be injection molded
was not thoroughly mixed since all that was necessary was to melt everything and make it so it
could be pelletized. The injection molding machine finished mixing the materials.

Figure 3-18 On the Left, Compressed by the Heated Platen. On the Right is a Finished Sample Being
Measured for Thickness.

3.5.5 Mixing NCF with the Polymer Powder
This was accomplished by creating the towpreg as stated and explained in Section 3.4.3.
Once the towpreg was made, lengths of towpreg were cut to use as the precursor for the sample
batches.
Once the lengths to be used were cut (9-30 feet), they were wound up, weighed, and the
volume % of fiber along with the total weight % was determined. The towpregs were chopped
into 1-3 mm lengths for use in the batches.
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In order to figure out the volume % and weight % of fiber, the following equations were
used.

(3.1)

Where

is the weight % of the NCF,

is the weight of the towpreg,

is the

weight of the fiber. This weight was calculated by multiplying the length of the towpreg by .488
g/ft which is the weight of a foot of NCF, as the equation below shows.
(3.2)

Where

is the weight of the LDPE in that length of towpreg. This weight % of the

NNCF in the towpreg was necessary to figure out how much LDPE was needed to mix with the
NiNS to get the full volume of LDPE in each sample mixture. The following equation was used
to find the amount of chopped towpreg to add to each mixture.

(3.3)

This last

is the weight of chopped towpreg to add to each batch. The

is the weight

of fiber that each sample mixture called for. The following equation was used to determine the
amount of LDPE powder that still needed to be added to the mixture when only mixing NCF
with LDPE.
(3.4)
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Where

is the weight of the remaining LDPE that needed to be added. The next

equation was used when mixing NCF and NiNS with LDPE to figure out the remaining amount
of LDPE to add to the mixture.
(3.5)

Where
LDPE and

is the remaining LDPE to add to the mixture when mixing NCF and NiNS with
is the weight of a batch of 100 volume % LDPE.

3.5.6 Initial Samples and Tests of NCF/LDPE and NiNS/LDPE
As the control for the study, different volume percents of NCF were combined with
LDPE using towpreg precursor made with the resin bath impregnator. The NCF content was 1, 2,
3, 4, 5, 6, 7, 8, 9, 10, and 15 percent. Different volume percents of NiNS with LDPE were also
combined using the THINKY and a crucible for melting. The sample sizes were 2 cc each,
double the weights listed in Table 3-2 Experiment Matrix for unit weights by volume %. The
NiNS content was 1, 2.5, 3, 5, 7, 9, 11, 13, 15, and 17 percent.
The resistivity of each of these samples was measured using an Extech 380560 Milliohm
Meter as shown in Figure 3-19. That data was recorded and charted. The thickness of the
samples was measured using Mitutoyo IP-65 No. 293-349 micrometers in four different places
on the disc and averaged, see
Figure 3-22. The resistivity readings were taken at the same four locations and the lowest
reading that appeared a couple of times in each of those locations was recorded.
For the locations and patterns for measuring the injection molded samples, refer to Figure
3-23.
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To obtain the values for surface resistivity, the number the Milliohm meter displayed was
used. For the volume resistivity values, the following equation was used.

(3.6)

Where

is the resistivity measured, A is the area of the contact cylinder (in this study

being 5.065 cm2, and

is the thickness of the part, averaged between the four readings unless

only one or two readings was obtained in which only those locations thickness dimensions were
used.

Figure 3-19 Extech 380560 Milliohm
Meter (Courtesy of www.extech.com)

Figure 3-20 This Clamp has Two 1 inch Bars, 1 Inch Apart, for Checking
Surface Resistivity.
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Figure 3-21 Two Cylinders, 1 Inch in Diameter for Checking Volume
Resistivity, Through the Thickness of the Sample.

2
1

4
3

Figure 3-22 Sample Thickness Measurement Locations.

2
1

4
3

Figure 3-23 Locations and Patterns for Measuring Resistivity on Injection
Molded Samples.
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3.5.7 Five-by-Five Matrix
In order to determine the proper amount of NiNS and NCF needed to get conductivity
and to find the percolation threshold, two sets of 25 samples were made to complete a five-byfive matrix. The two sets gave a sample size of 2 at each mixture. The quantity of nanostrands
was, by volume %, 0, 1, 2, 3, 4, and 5. For NCF, the quantities were the same. See Table 3-1 for
mass of constituents based on different volume %. Based on the amounts that others have used in
their studies [63] and experience preparing for this study, this should be enough to make it
conductive. The samples were made as discussed in Section 3.5.4 through Section 3.5.5.
The 5:2 volume % NCF/NiNS in LDPE batch was chosen to enlarge and place through
the injection molding machine as the NCF had fully percolated at 5 volume % and the 2 volume
% of NiNS was improving the conductivity. A batch of 5:0 volume % of NCF/NiNS in LDPE
was made as a control to compare to the 5:2 volume % batch.

Table 3-1 Matrix for Ratios of NiNS and NCF

NiNS (8.92 g/cc)

LDPE
(0.923 g/cc)
0
1
2
3
4
5

NCF (2.3 g/cc)
(NCF/NiNS)
1

2

3

4

5

1:0
1:1
1:2
1:3
1:4
1:5

2:0
2:1
2:2
2:3
2:4
2:5

3:0
3:1
3:2
3:3
3:4
3:5

4:0
4:1
4:2
4:3
4:4
4:5

5:0
5:1
5:2
5:3
5:4
5:5

The equations below were used to calculate the weights of each part of the test batch.
(3.7)
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(3.8)

Where V is the volume, ρ is the density, and m is the mass measured in grams. The c, p, n, and f
represent the composite, polymer, NiNS, and NCF respectively.
Once the two injection-molded batches had been run, they were tested to see which was
more conductive and whether the dispersion and size of the fillers is the same as the small
sample batches. These injection molded samples were then tested for material properties. The
following temperatures were used for the different zones of the barrel, 525, 500, 475, and 450°F
from the nozzle to the hopper, respectively. The dwell time of the material in the barrel was
roughly 3 minutes.
Lu suggested the basic rule for mixing is to have as high a temperature as possible, but
not so high as to degrade the plastic and the time as short as possible to achieve good fiber
dispersion. He found the optimum mixing conditions for ABS and NCF was 210°C for 3 minutes
[6]. This supports what was found while mixing the small test samples for this study. The higher
the temperature and the lower the time of mixing the better the sample could flow and mix in the
crucible.

3.6

Experimental Plan
The goal of this study was to create conductive samples of a composite of NCF and NiNS

at lower loadings than is necessary for either of these fillers alone to create the same conductivity
in LDPE. Once all the necessary samples were made and tested for conductivity, two large
batches were made for injection molding. This was to prove the hypothesis; a conductive
composite can be made using low volume % of NiNS and NCF as they make a conductive
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network and this can easily be injection molded along with up scalable. Tensile and impact
specimens were made. These were tested for conductivity and then tested for other material
properties. Compression samples from low volume % and high volume % filler as well as a few
from the 5:2 volume % injection molding batch were looked at using an SEM to see
connectivity, change in size of the fillers, and dispersion. These tensile and impact specimens
were tested for strength. The discs were saved for later shielding and other testing which is not a
part of this study as testing volume resistivity is a good measure of shielding effectiveness [8].
3.6.1 Chart for Mixtures
As can be seen from Table 3-2 Experiment Matrix below, there are many combinations
worth trying. The values across the top and down the left are the volume % of the conductive
filler in each sample mixture. The location of each material in the top left hand box corresponds
to the numbers in all other boxes. Top is LDPE. Middle is NiNS. Bottom is NCF. All these
samples were tested and the values from the five-by-five matrix were used to make two sets of
samples from which an average conductive value was measured.
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Table 3-2 Experiment Matrix
LDPE (g)
NiNS (g)
NCF (g)
0.0%

1.0%

2.0%

2.5%

3.0%
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4.0%

5.0%

7.0%

11.0%

13.0%

15.0%

17.0%

0.0%
0.9230
0.0000
0.0000
0.9138
0.0892
0.0000
0.9045
0.1784
0.0000
0.8999
0.2230
0.0000
0.8953
0.2676
0.0000
0.8861
0.3568
0.0000
0.8769
0.4460
0.0000
0.8584
0.6244
0.0000
0.8215
0.9812
0.0000
0.8030
1.1596
0.0000
0.7846
1.3380
0.0000
0.7661
1.5164
0.0000

1.0%
0.9138
0.0000
0.0230
0.9045
0.0892
0.0230
0.8953
0.1784
0.0230

2.0%
0.9045
0.0000
0.0460
0.8953
0.0892
0.0460
0.8861
0.1784
0.0460

3.0%
0.8953
0.0000
0.0690
0.8861
0.0892
0.0690
0.8769
0.1784
0.0690

4.0%
0.8861
0.0000
0.0920
0.8769
0.0892
0.0920
0.8676
0.1784
0.0920

5.0%
0.8769
0.0000
0.1150
0.8676
0.0892
0.1150
0.8584
0.1784
0.1150

0.8861
0.2676
0.0529
0.8769
0.3568
0.0230
0.8676
0.4460
0.0230

0.8769
0.2676
0.1058
0.8676
0.3568
0.0460
0.8584
0.4460
0.0460

0.8676
0.2676
0.1587
0.8584
0.3568
0.0690
0.8492
0.4460
0.0690

0.8584
0.2676
0.2116
0.8492
0.3568
0.0920
0.8399
0.4460
0.0920

0.8492
0.2676
0.2645
0.8399
0.3568
0.1150
0.8307
0.4460
0.1150

6.0%
0.8676
0.0000
0.1380

7.0%
0.8584
0.0000
0.1610

8.0%
0.8492
0.0000
0.1840

9.0%
0.8399
0.0000
0.2070

10.0%
0.8307
0.0000
0.2300

11.0%

12.0%

13.0%

14.0%

15.0%
0.7846
0.0000
0.3450

3.7

Conductivity Testing
The conductivity testing was done using an ohmmeter, following the steps in Section

3.5.6, and following the diagrams in Figure 3-22 through Figure 3-23. The conductivity was
recorded and charted. From the charts of the conductivity of each sample and the large batch, the
percolation threshold was determined for that length of fiber and quality of nanostrands.

3.8

Tensile Test (ASTM D 638 – 03)
Tensile testing was done using the following type of machine, an Instron 430 Tensile

Testing Machine as shown in Figure 3-24. The standard followed to obtain the results was
ASTM 638-03. Samples were injection molded using the mold shown in Figure 3-4. Data was
collected using the machine and the only deviation from the standard test method is that an
extensometer was not used. The speed of 2 in/min and the shape were based on Specimen Type
III of ASTM 638 [86].
Test samples were measured by their thickness and width of the thin, middle portion of
the sample (see Figure 3-23 to note the thin portion of the tensile specimen). The extension
recorded was based on how much the machine actually moved, not how much the sample
stretched. Each sample was clamped in place with the long axis aligned in the direction of travel
of the machine. Being plastic, it was not necessary to worry about clamping too hard, so the jaws
were tightened by hand to a tight fit.
Once the sample broke, the peak load, load at break, and extensions at break and peak
load were recorded and charted. This data was obtained for samples of pure LDPE and the
injection molded batches of the conductive composite.
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Figure 3-24 An Instron 430 Tensile and
Compression Tester. (Courtesy of
www.geminibv.nl/instron4301trekbank)

3.9

Impact Test (ASTM D 5628-96)
This impact testing was done using a Dynatup 830 impact tester pictured in Figure 3-25.

The impact tip had a diameter of 0.394 inches and there was no clamp used to hole the specimen
in place as they were flat. The data was collected for both the pure LDPE and the injection
molded conductive composite batches. The samples were not tested in random order per ASTM
D 5628-96 Section 12.5 rather in order of manufacture for ease of identification and
interpretation of the data. The setup was such that all specimens were to fail.
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Figure 3-25 Dynatup 830 Drop Impact Tester Setup

Following are the steps followed for using the impact tester. The software settings and
menu information can be found in Appendix D (Dynatup 830 Impact Tester Settings).
1.
2.
3.
4.
5.

Turn the computer on if not already on.
Once the message C:\> comes up, type in “Dyn830.”
Load the file “54: DAVE: NCF/NiNS in LDPE with Conductive Composites.”
Select “TEST”, and enter number of samples.
Press “END” on keyboard until the message on the screen says to press the spacebar
once ready.
6. Press the spacebar.
7. Insert the sample in the holder.
8. Raise the weight mechanism until it locks in place.
9. Press the red “RESET” button and the brakes will reset and lower.
10. Press down on the trigger.
11. Record data and repeat until all samples in the batch have been tested.
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4. RESULTS

To verify that adding NiNS to a composite of NCF filled polymer will improve the
conductivity and that this composite can then be injection molded and maintain that same
conductivity, the results of the tests and experiments described in the previous chapter must be
compiled and examined. The tests are designed to validate this theory by a designed experiment
making samples of just the NCF with LDPE and comparing these samples’ volume resistivity to
that of samples with the same amount of NCF but with added NiNS at different volume %. These
samples are to determine what ratio of fillers would be best for the composite. Samples must also
be made by injection molding with the proper mix ratios that will then be tested for strength and
for conductivity for comparison to the non-injection molded samples.
The desired properties and results of this study were dependent not only on the amounts
of each constituent of the mixtures, but of developing a method for processing and mixing,
which will briefly be covered in this chapter as well. The results of different processes for
mixing the NCF with the LDPE will be discussed. Then the results of the experiment will be
covered, including conductivity and other mechanical properties.

4.1

Injection Molding Machine Settings
The settings that were used for the injection molding machine were determined by using

nickel powder and chopped carbon fiber in different ratios with LDPE. The temperatures and
pressures varied depending on how much filler was used. Barrel temperatures and pressures were
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generally lower for pure LDPE than when filled. It was determined that fully engaging the nozzle
directly prior to injection (there may have been a leak in the oil causing the pressure to release
over time), ensured material was not pushed out around the nozzle without entering the mold
through the sprue which wasted much material when it occurred.

4.2

Fiber Length and Dispersion Techniques
Fiber length plays a vital role in the shielding effectiveness and the conductivity of the

filled composite polymer. For the fibers to have any effect, they need to be above the critical
length of 200 microns [64], but the longer they are, the better the properties. While injection
molding, it was difficult to get fiber lengths longer than 3000 microns (the average was 400
microns). There were fibers that were sheared and chopped smaller than this by the screw in the
machine, but there were also many that remained long (up to 2000 mm). The shearing was
evidenced by the change in conductivity between those samples made by compression and those
made by injection molding. It was also evidenced by the SEM. By injection molding, it broke the
fibers up smaller and decreased the conductivity by a couple of orders of magnitude, but the
fibers were still longer than the critical length, see Figure 4-2. This fiber length was typical of
fibers that came through the injection molding machine. It also aligned the fibers in the direction
of the material flow, causing the readings to not be isotropic. Yet, it seemed to be quite isotropic
in comparison to the sample picture (see Figure 4-3) Chomerics has on their website for Premier
NCF and nickel coated powder filled ABS (see Figure 4-1and Figure 4-2). This probably has
more to do with the mold cavity and gate design than anything else. Figure 4-1 shows the broken
edge of an injection molded part at 5 and 2 vol% of NCF and NiNS respectively. This sample is
from a tensile specimen opposite the gate. Figure 4-3 shows a broken edge of PREMEIR
material from Chomerics showing fiber and powder distribution.
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Figure 4-1 (116X magnification). Note How Fiber Alignment is
More Isotropic than That of PREMIER (Figure 4-3).

Figure 4-2 Note Length of Fibers is over 200 Microns.
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Figure 4-3 70X Magnification (Courtesy of Chomerics www.vendor.parker.com)

4.2.1 Single Screw Extruder (Injection Molder as Mixer)
The first semi-successful method of dispersing the NCF in the LDPE was by using the
injection molding machine as a single screw extruder, see Figure 4-4. The fiber was metered to
go in by the number of tows entering the barrel at the same time, see Section 3.4.1. The results of
this method were not ideal.
There were sections where the fiber had not been chopped much and left ½-1 inch long in
clumps. Also, the fibers seemed to be dispersed well, coated well in LDPE which would
eliminate the need for much protective equipment in the later processes. The fibers lengths were
longer than when previously chopped and put into the hopper.
To determine the volume % of NCF in the ropes, it was necessary to find the density, the
total length of rope, and length of fiber tows that went into that length of rope. That proved to be
very difficult. The reason for this was the fibers did not get dispersed at the same rate as they
entered the mixing barrel. If 6 feet of NCF tow went in, it was spread out over 15 feet or more of
rope. This is why none of the ropes were conductive; the fiber concentration was not high.
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Figure 4-4 Picture of Fiber Impregnated LDPE Rope Made by the Single Screw Extrustion
Method

Even when putting in 6 tows at a time, the fiber filled ropes were still not conductive. 6
tows was the limit the screw could pull in through the hole at a time. More than 6 tows made the
screw have a hard time of moving the material and the machine would screech. The fiber length
seemed to be good, and this was the length of fiber used in the compression samples of this
study, 1-3 mm or between 1/16 and 1/8 inch. The problem with using this length as the standard
for the compression disks is this did not emulate the injection molding process perfectly. The
fibers weren’t getting sheared the way they would be by injection molding because of the lack of
pressure with this method.
4.2.2 Unsuccessful Mixing Techniques
The first method of mixing was dry (see Section 3.5.2). After being mixed, the mixture
was placed directly into the injection molding machine hopper. The results were similar to those
in section 4.2.1. Not only was the mixing not very good, but the NiNS did not move at the same
rate as the LDPE. See Figure 4-5 and Figure 4-6. These two figures show good quality NiNS at
15-20 volume % loading of NiNS in LDPE, dry mixed and injection molded. Neither was
conductive. These were taken with an SEM on 04/17/09, with a 20kV charge, no gold coating.
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A batch that was 20 volume % NiNS was dry mixed, then placed in the hopper and more
LDPE had to be added to help push all the material along and the end result did not have 20
volume % NiNS. The NiNS was diluted within the rest of the LDPE. Sometimes it would mix
them well (see Figure 4-7 and Figure 4-8), but this method could not be relied upon to always
mix well. Figure 4-7 shows a sample with about 1 volume % of poor quality NiNS in LDPE,
mixed in Alcohol and melted together then chopped and injection molded. Figure 4-8 shows
good quality NiNS at 15-20 volume % loading of NiNS in LDPE, dry mixed and injection
molded.

Figure 4-5 The Center of the Picture is the Edge of the Part Fracture. Shows NiNS Right up to
Surface of the Part. No Conductivity.
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Figure 4-6 LDPE Rich Area is Black on Right, Chunks of NiNS on Left as White Clusters, and
Swirls Evidence Poor Mixing. No Conductivity.

Figure 4-7 Many Small Broken Strands. No Connectivity. Taken with SEM on 08/10/09, Gold
Coated with 15kV Charge.

Figure 4-8 Fairly Long Strands. No Conductivity. Taken with SEM on 04/17/09, with 20kV
Charge, no Gold Coating.
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4.2.3 Towpreg Made with Extrusion Plastometer
As was described in Section 3.4.2, the extrusion plastometer did not give the desired
results. As seen in Figure 3-10, the fiber was still dry on one side with the other being coated
with LDPE. This made the material difficult to cut and did not diminish the fibers’ chances of
being flung into the air. This method was quickly discarded for the final and best method for
coating NCF with LDPE.
4.2.4 Towpreg Made with a Resin Bath Impregnator
Section 3.4.3 described how a towpreg using a resin bath impregnator was made. As long
as the LDPE powder was coating the tow as it went under the spreader bars (where the tow
disappears on the right of Figure 4-9), and it was not pulled too quickly through the plastic, it
spread out well and was evenly coated.

Figure 4-9 Towpreg Made in a Resin Bath Impregnator. Note the Tow
Entering the Bath on the Right and Leaving Flat and Spread Out on the Left.

By using this method, certain lengths of the towpreg could be measured, the volume %
and weight % of NCF determined, and the amount of LDPE to add for each batch figured out.
The length and weight of the fiber was known, and the length of towpreg could be placed on the
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scale to find the total weight. The weight percentages of each length of towpreg used throughout
the rest of the experiments are tabulated in Table 4-1.

Table 4-1 Towpreg Fiber Volume & Weight %

Towpreg length (ft)
5
9
12
9
15.5
30

4.3

NCF weight (%)
44.8
32.8
25.8
28.4
28.5
29.4

NCF volume (%)
24.7
16.4
12.2
13.7
14
14.3

Date
9/11/09
9/13/09
9/29/09
10/19/09
11/02/09
11/02/09

Comparison of NCF/LDPE to NiNS/LDPE Without Injection Molding
The NCF/LDPE samples had better conductivity than the samples of NiNS/LDPE by

orders of magnitudes as shown in Figure 4-10. With the NCF samples, the measured
conductivity was 1 MΩ at only 1 volume %. With the NiNS samples, there was no conductivity
reading until 9 volume % and that was 10x104 MΩ. The two had almost the same resistivity
around 15 volume % with the difference being about 150 Ω; see Figure 4-10. The actual data
points are the measurements of conductivity. The curved trend lines are least-square fitting
equations that fit the data.
While making the samples of NiNS/LDPE, it was noticed that at around 11 volume %
NiNS, the pieces started to become very brittle. At 17 volume %, the sample was still pliable, but
it could break quite easily. This could have been caused by overheating and degrading the
polymer. This didn’t happen with the NCF/LDPE.
The color of the samples with NiNS was a very dark grey and opaque from even 1
volume %. The color of the samples with NCF was as could be expected, shiny grey or a
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medium grey with shiny fibers spread throughout. The higher the loadings, especially of NiNS,
the darker the material was.
Based on Zhou’s percolation work with carbon black (CB) in poly(methylvinylsilioxane)
vulcanizates (PMVS), an equation that would be able to predict the conductivity (volume
resistivity) of the material in this study was arrived at based on the volume fraction of NiNS
added to an LDPE polymer of 5 volume % NCF. Interestingly enough, the conductivity readings
measured from the compression samples at 5 volume % NCF had a least-square fit equation of
; see below.
(4.1)

This is based on the following equation, a modified version of the standard theory of
transport in isotropic percolating materials or the equation for the percolation threshold [54]:
(4.2)

Where

is the conductivity,

is a prefactor depending on details of the transport

process which means some measurements are taken, entered into a worksheet in excel and then
determined, and

is the volume fraction of conductive filler. The

value of 2.017 is very close

to Zhou’s value of 2.0 for . Also, if a value close to what Zhou came up with for
used, Zhou came up with 4.4), by using 5.19 volume % as the

is used (4 is

, it moves the curve up to

almost include the average value measured for the injection molded samples of 5:0 NCF/NiNS in
LDPE. This equation isn’t an equation to predict the conductivity of different volume fractions
of NiNS combined with 5 volume % NCF in LDPE, but it’s an interesting connection. The
reason it can’t be used is because the resistivity of the compression samples trend to converging
around 15 volume % and using the modified equation with
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as 4.0 does not allow the curves to

merge even at 20 volume %. See Table 4-2 for the actual data and theoretical data, and then
compare Figure 4-11 to Figure 4-12 and see the difference in conductivity between a polymer
with CB [54] and one with NCF and NiNS.

Figure 4-10 NCF/LDPE vs. NiNS/LDPE
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Table 4-2 Least Square Fitting Theoretical and Actual Data

1-5:1-5
0.0001
0.001
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.1
0.11
0.12
0.13
0.14
0.15
0.16
0.17
0.18
0.19
0.2

Actual data
NA
NA
1.35E+04
4.08E+03
3.96E+02
1.74E+02
3.14E+02
2.53E+01
3.00E+01
1.92E+01
1.39E+01
1.18E+01
9.78E+00
8.21E+00
6.98E+00
6.01E+00
5.23E+00
4.59E+00
4.07E+00
3.62E+00
3.25E+00
2.93E+00

NCF/NiNS 5:0-20,
injection molded,
[ρ=0.114*(ψ)^-4]
1.14E+15
1.14E+11
1.14E+07
7.13E+05
1.41E+05
4.45E+04
1.82E+04
8.80E+03
4.75E+03
2.78E+03
1.74E+03
1.14E+03
7.79E+02
5.50E+02
3.99E+02
2.97E+02
2.25E+02
1.74E+02
1.36E+02
1.09E+02
8.75E+01
7.13E+01

NCF/NiNS 5:0-20,
compression molded,
[ρ=0.114*(ψ)^-2.017]
-2.30E-01
1.28E+05
1.23E+03
3.05E+02
1.34E+02
7.53E+01
4.80E+01
3.32E+01
2.43E+01
1.86E+01
1.47E+01
1.19E+01
9.78E+00
8.21E+00
6.98E+00
6.01E+00
5.23E+00
4.59E+00
4.07E+00
3.62E+00
3.25E+00
2.93E+00

The modification made to Zhou’s equation was it did not include a critical volume
fraction, where a conductive path first appears microscopically. With any amount of filler, there
will be conductivity between two particles and once even 1 volume % of NCF was added into
the LDPE, the resistivity was lower than without any filler, much better than with CB (see Figure
4-11 and Figure 4-12).
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Figure 4-11 Zhou's Percolation Chart of PMVS/CB

1.0E+16
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1.0E+14
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1.42E-3.165
Injection Molded
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385.94

1.0E+04

y = 0.114x-4

1.0E+02
y = 0.032x-2.857
1.0E+00
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5.0%

10.0%

15.0%

20.0%

Total Vol % conductive filler (NCCF + NiNS)
Figure 4-12 The Lower Curve Represents the Actual Data Measured and Extrapolated from the
Compression Sets

4.4

Fiber Length and the Percolation Theory
Looking back at Figure 4-10 and ahead at Figure 4-13, it can readily be seen that the

length of the filler ties directly into the percolation threshold. The percolation theory states that
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conductivity of a composite increases dramatically at a certain fiber concentration called the
percolation threshold [18].
Looking at the NiNS/LDPE curve of Figure 4-10, the percolation threshold is reached
somewhere between 9 and 11 volume % NiNS filler when the NiNS are 5 – 20 microns long.
When the fibers are about 4 mm long, the percolation threshold seems to be below 1 volume %
NCF as seen with the NCF/LDPE curve of Figure 4-10.
On Figure 4-13, it can be seen the NiNS at 5 – 20 microns long do little to improve the
conductivity of the NCF at 4 mm long because as previously stated; the percolation threshold
was already reached at a lower volume % of NCF than 5 volume %. Looking at the Injection
Molded Tensile samples curve, it can be argued that when the NCF are much shorter, around .4
mm, the percolation threshold is not reached until after 6 volume % NCF and adding the even
shorter NiNS at 5 – 20 microns in length would help the percolation threshold to drop.

4.5

Comparison of Results of this Study to those of Others
It is difficult to compare the measured conductivity results of this study to those of other

studies using NCF in various polymers. As can be seen by Section 4.3, the results of NCF/LPDE
are better than those using carbon black in PMVS. When comparing the results of this study to
those of NCF/Nylon 66 obtained by F.A. Hussain, they perform much better, six to seven orders
of magnitude better [87]. This could be because his fibers were half as short (0.5-1 mm) as those
in this study (1-3 mm) on average.
When comparing his results with this study’s for NiNS/LDPE, the resistivity for the
NiNS mixture was orders of magnitude higher, meaning the conductivity was much lower. There
was no conductivity measured until over 40 weight % NiNS, and Hussain was starting to see
conductivity between 10 and 20 weight %. There again, the main difference being in length of
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filler, his fiber (0.5-1 mm) and the length of NiNS (5-20 microns). Comparing the conductivity
of Zhou’s mixture of PMVS/CB to this study’s NiNS/LDPE, the results are very close with the
percolation threshold of carbon black being lower. This should be expected since the carbon
black particles were an average size of 100 nm and the NiNS a length of 5-20 microns. These
could both be modeled as particles for percolation studies. The properties that are different for
NiNS from CB are the 3D branched geometry, the aspect ratio and they are magnetic.

4.6

Comparison of NCF/LDPE and NiNS/LDPE to NCF/NiNS/LDPE Without
Injection Molding
It was interesting to see the detrimental effects NiNS seemed to have on the conductivity

of the NCF filled compression samples. This is not what would have been expected based on
results from other studies using NiNS. They usually lend more to the conductivity than these
results show [60]. The reason for this must be the length of the NiNS and the length of the NCF
initially used as well as the variability of the fiber lengths in the compression samples.

4.7

Conductivity of NCF/NiNS/LDPE After Injection Molding
For comparing the results of injection molding to those of compression molding, see

Figure 4-13. This is a graphical comparison of the results of the conductivity studies of the 5
volume % NCF compression samples and the injection molded batches. As can be seen, with the
fibers at 2 mm long on average in the compression samples and the NiNS only 5-20 microns
long, the fibers dominated the properties of the material, especially the conductivity. Looking at
the curve and data points for the injection molded 2 volume % batch with NiNS. It seems the
NiNS helped much more with conductivity than they did with the compression samples. This is
because the fibers are, on average, 400 microns in length and the NiNS are still the same 5-20
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microns long. The data points in both cases are those taken from the tensile specimens. The
NiNS improved the conductivity of the fibers by two orders of magnitude while in the
compression samples they only doubled the conductivity from zero to two volume % NiNS.
The rest of this section will talk about the changes in lengths of the NiNS before and
during processing.
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Injection Molded vs. Compression Molded at 5 volume % NCCF
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Figure 4-13 The Equation on the Left is for the NCF/NiNS 5:0, 2 Volume % in LDPE. The Equation in the Center is for the NCF/LDPE Compression Sample
Set at 5 Volume % NCF

In powder form, the NiNS are very long and connected, see Figure 4-14. This is a
representation of what they look like directly after manufacture.

Figure 4-14 Picture of NiNS in Powder Form, Not Mixed. Great Connectivity and Long Lengths.
Taken with SEM on 08.10.09, Gold Coated with 15kV Charge.

Even when mixed, heated and compressed, they can stay long. See Figure 4-15. This is a
picture of NiNS wet mixed with PTFE, dried, then melted under a heated platen. Even at low
volume % (around 5 volume %), there was connectivity and conductivity. This was because of
the length of the nanostrands. It would be expected that this sample has more conductivity than
one with shorter nanostrands.
In Figure 4-16, we can see a sample of NiNS/LDPE with about 1 volume % of NiNS.
This sample was processed using the same method as that in Figure 4-15. These nanostrands are
not nearly as long, maybe 5 – 10 microns long, as those in Figure 4-15. Neither one of these
samples was run through the injection molding machine.
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These nanostrands are the same length as those that were passed through the injection
molding machine (compare to Figure 4-17 and Figure 4-18). These two pictures are from two
different injection samples from the same batch. They both have NiNS the same size as those
from the sample pictured in Figure 4-16 that haven’t been through the injection molding
machine.

Figure 4-15 Picture of NiNS in Jet-Milled PTFE, Mixed in Alcohol and
Compression Molded. Very Long Strands. High Connectivity and
Conductivity. Taken with SEM on 08/10/09, with 25kV Charge.

Figure 4-16 ~1 Volume % NiNS in LDPE, Solvent-Mix-Melt Method. Longer
Strands but Fewer than Before. No Connectivity. Taken with SEM on 08/10/09,
Gold Coated.
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Figure 4-17 Note the Lengths of the NiNS to be 5 to 20 Microns Even After Injection
Molding.

Figure 4-18 Note the Lengths of the NiNS to be Around 5 Microns Even After Injection
Molding. These NiNS are Quite Well Mixed Around the NCF.
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4.8

Shearing of NiNS by Injection Molding
As discussed in Section 4.7, the size of the NiNS coming out of the injection molding

machine was between 5 – 20 microns in length. There were many smaller pieces, but it is
difficult to say what the maximum length of NiNS is that will pass through the injection molding
machine as they were 5 – 20 microns long before going through (see Figure 4-16). All this shows
is the nanostrands did not get sheared any more as they passed through the screw in the machine.

4.9

Tensile Testing Results
The results from tensile testing show there is a difference in tensile strength between

those specimens reinforced with the fibers and those that were not. With the few samples tested,
there was not much difference between those samples with NiNS and NCF and those with just
NCF. The average values may be viewed in Table 4-3, Table 4-4, and Table 4-5 starting on page
88. With the mean values of the ultimate strength of the 5:0 and 5:2 sample batches being
different by only 435 psi, and the 5:2 samples having a standard deviation of 776 psi, it can be
assumed the NiNS did not and would not play a role in changing the tensile properties of the
material at such low loadings.

4.10

Impact Testing Results
The one problem with any impact testing is the sample size. This study only had a sample

size of 10 at the most for the impact testing. This is not enough to get a true value of the total
energy absorbed by a material through impact. But, it is enough to get a rough idea. Usually,
when a material gains stiffness and improves in tensile strength, then the toughness decreases.
This was true for this new material also, as shown by the results. Adding 5 volume % NCF as
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filler, even at 400 microns (twice the critical length), decreased the toughness by 50%. The
average values can be seen in Table 4-3, Table 4-4, and Table 4-5 starting on page 88.

4.11

Chapter Summary and Conclusions
Initial testing on fiber length was done to determine what the average length would be

after passing through the injection molding machine. Also, initial testing was done to see if
putting dry NCF and dry NiNS in with LDPE would produce a conductive part coming out of the
injection molding machine. These initial results showed that it would not produce a conductive
part and also gave the impression the length of fiber the injection molding machine chops the
fiber down to is 2 mm – 4 mm. This was shown – during the actual tests using the later
developed methods of mixing, the solvent-mix-melt method – to only be the case when the fibers
were not already bound up in polymer.
A first run of compression molded samples of different volume percents of NCF and
NiNS in LDPE was done in order to determine at what loading the filler would percolate. This
was found to be about 11 volume % for the NiNS and 4-5 volume % for the NCF. Using the then
developed five-by-five matrix for testing 2 cc size samples of each mixture, it was found that at 5
volume % NCF, the fiber had percolated and NiNS were able to contribute little to the
conductivity. These two same loadings, of 5:0 volume % NCF/NiNS in LDPE and 5:2
NCF/NiNS volume % in LDPE, were made into large batches for injection molding.
It was discovered that by the solvent-mix-melt method (the fibers were chopped ¼ - ½
inch long as they would be sheared shorter in the injection molding machine) these fibers ended
up smaller going through the injection molding machine than they had by previous methods.
This was detrimental to the conductivity results of the injection molded samples. But, it was also
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discovered that adding only 2 volume % of NiNS to the 5 volume % of NCF to the injection
molded batch improved the conductivity of the samples by two orders of magnitude.
As should be expected, while the fibers were long (4 mm) the NiNS had little positive
effect if not a negative effect on the conductivity of the material. When the fibers were one tenth
that length (400 microns), the NiNS played a much bigger role in increasing the conductivity of
the material.
The NCF controlled the material properties of the polymer in regards to tensile and
impact strength. They improved upon the tensile by almost one-third and decreased the impact
strength by one-half. The NiNS did not have any noticeable effect on the material properties at 2
volume % loading.
More tests and samples should be run to determine the statistical significance of the effect
as the sample sizes used in this study were very small. This study does show that NiNS added to
NCF can in fact improve the conductivity at certain levels of loading and aspect ratios.
Below are three data sheets with data filled in from the results of this study. More tests
should be performed to validate this study and fill in the rest of the data.
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Table 4-3 Data Sheet of LDPE Powder from DOW (Experimentally Derived Data)
LDPE from DOW
Properties(1)
Physical
Melt Flow Rate
230°C/3.8 kg
230°C/2.16 kg
224°C/2.16 kg
Specific Gravity
Gardner Gloss, 60°
Durometer Hardness, Shore D
Mold Shrinkage
Mechanical
Izod Impact Strength
73°F (23°C)
-10°F (-23°C)
-20°F (-29°C)
Flexural Modulus
Ultimate Tensile Strength @ 73°F (23°C)
Yield Tensile Strength @ 73°F (23°C)
Tensile Elongation at Break @ 73°F (23°C)
Tensile Modulus @ 73°F (23°C)

Test Method

Instrumented Dart Impact, Total Energy (2) @
73°F (23°C)
-10°F (-23°C)
-20°F (-29°C)
Thermal
Vicat Softening Point

ASTM D 5628-96

Deflection Temperature Under Load (3) @
66 psi (.45 MPa), unannealed
66 psi (.45 MPa), annealed
264 psi (1.8 MPa), unannealed
264 psi (1.8 MPa), annealed
Coefficient of Linear Thermal Expansion
Electrical
Electrical Resistivity

ASTM D 648

Value

Units

ASTM D 1238

ASTM D 792
ASTM D 523
ASTM D 2240
ASTM D 955

0.923

ASTM D 256

ASTM D 790
ASTM D 638
ASTM D 638
ASTM D 638
ASTM D 638

2630
2630
13.73

psi
psi
in

58.75

in-lb

ASTM D 1525

ASTM D 696
-

Ohm.cm

(1) Typical Properties; not to be construed as specifications
(2) 5191.2 ipm, 0.044 in (1.12 mm) thick
(3) 1/8
Injection Molding Conditions - Melt temperature: 475°F (230°C). Mold Temperature: ~80°F (27°C)
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Table 4-4 Data Sheet of 5% by Volume of NCF in LDPE (Experimentally Derived Data)
5% by volume NCCF in LDPE
Properties(1)
Physical
Melt Flow Rate
230°C/3.8 kg
230°C/2.16 kg
224°C/2.16 kg
Specific Gravity
Gardner Gloss, 60°
Durometer Hardness, Shore D
Mold Shrinkage
Mechanical
Izod Impact Strength
73°F (23°C)
-10°F (-23°C)
-20°F (-29°C)
Flexural Modulus
Ultimate Tensile Strength @ 73°F (23°C)
Yield Tensile Strength @ 73°F (23°C)
Tensile Elongation at Break @ 73°F (23°C)
Tensile Modulus @ 73°F (23°C)

Test Method

Instrumented Dart Impact, Total Energy (2) @
73°F (23°C)
-10°F (-23°C)
-20°F (-29°C)
Thermal
Vicat Softening Point

ASTM D 5628-96

(3)

Deflection Temperature Under Load @
66 psi (.45 MPa), unannealed
66 psi (.45 MPa), annealed
264 psi (1.8 MPa), unannealed
264 psi (1.8 MPa), annealed
Coefficient of Linear Thermal Expansion
Electrical
Electrical Resistivity

Value

Units

ASTM D 1238

ASTM D 792
ASTM D 523
ASTM D 2240
ASTM D 955

0.992

ASTM D 256

ASTM D 790
ASTM D 638
ASTM D 638
ASTM D 638
ASTM D 638

3669
3669
7.17

psi
psi
in

28.94

in-lb

9000-28000

Ohm.cm

ASTM D 1525
ASTM D 648

ASTM D 696
-

(1) Typical Properties; not to be construed as specifications
(2) 5191.2 ipm, 0.044 in (1.12 mm) thick
(3) 1/8
Injection Molding Conditions - Melt temperature: 475°F (230°C). Mold Temperature: ~80°F (27°C)
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Table 4-5 Data Sheet of 5% by Volume NCF and 2% by Volume NiNS in LDPE (Experimentally Derived Data)
5% by volume NCCF and 2% by volume NiNS in LDPE
Properties(1)
Physical
Melt Flow Rate
230°C/3.8 kg
230°C/2.16 kg
224°C/2.16 kg
Specific Gravity
Gardner Gloss, 60°
Durometer Hardness, Shore D
Mold Shrinkage
Mechanical
Izod Impact Strength
73°F (23°C)
-10°F (-23°C)
-20°F (-29°C)
Flexural Modulus
Ultimate Tensile Strength @ 73°F (23°C)
Yield Tensile Strength @ 73°F (23°C)
Tensile Elongation at Break @ 73°F (23°C)
Tensile Modulus @ 73°F (23°C)

Test Method

Instrumented Dart Impact, Total Energy (2) @
73°F (23°C)
-10°F (-23°C)
-20°F (-29°C)
Thermal
Vicat Softening Point

ASTM D 5628-96

(3)

Deflection Temperature Under Load @
66 psi (.45 MPa), unannealed
66 psi (.45 MPa), annealed
264 psi (1.8 MPa), unannealed
264 psi (1.8 MPa), annealed
Coefficient of Linear Thermal Expansion
Electrical
Electrical Resistivity

Value

Units

ASTM D 1238

ASTM D 792
ASTM D 523
ASTM D 2240
ASTM D 955

1.15

ASTM D 256

ASTM D 790
ASTM D 638
ASTM D 638
ASTM D 638
ASTM D 638

3234
3234
1.11

psi
psi
in

26.86

in-lb

386-8980

Ohm.cm

ASTM D 1525
ASTM D 648

ASTM D 696
-

(1) Typical Properties; not to be construed as specifications
(2) 5191.2 ipm, 0.044 in (1.12 mm) thick
(3) 1/8
Injection Molding Conditions - Melt temperature: 475°F (230°C). Mold Temperature: ~80°F (27°C)
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5. SUMMARY, CONLUSIONS, AND RECOMMENDATIONS

This chapter will briefly summarize the findings and make some recommendations on
future research in this field in order to further the work here. Now that this research has been
done, there is more of a baseline for future studies.

5.1

Summary
Many companies currently have conductive precursors designed for injection molding.

Many of them use nickel coated carbon fibers (NCF) and add other fillers such as carbon black
or nickel coated graphite to the polymer to give it enhanced shielding performance [4]. This
study set out to show that the shielding and conductivity of a filled polymer, in this case NCF
filled LDPE, could be improved by adding NiNS and that this material could then be injection
molded to produce a conductive part, with a resistivity of less than 500 Ω-cm.
Towpreg, LDPE coated tows of NCF, was created in this study for safety and ease of
processing. Initial samples, with different volume % of filler, determined by a five-by-five
matrix, were made by a solvent-mix-melt method, compressed, and then tested for conductivity.
These samples were used to determine the volume % of filler to be used in the injection molding
batches.
One problem with this study was the length of the fibers used for the compression
samples was longer than that coming out of the injection molding machine. What was observed
because of this was NiNS did not have much of an effect on the conductive properties of the
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NCF in the LDPE when the fibers were 4000 microns long. But, once NiNS were added to a
polymer with fibers 400 microns long, they seemed to improve the conductivity by two orders of
magnitude. This also shows the conductivity of a material is dominated by the longest fillers, or
the filler with the highest aspect ratio.
Many methods exist to mix a conductive precursor. They can be boiled down to three
categories of dry, mechanical, and wet. All three of these were tried out during this study with
the wet category being the best. Others have used a Brabender plastograph for mixing with good
success, and Chomerics boasts of great results with fibers remaining long using a co-extruded
material. This method looks to be the best as it is metered with the fibers and other filler wrapped
inside of a polymer sleeve.

Figure 5-1 Polymer Pellet with NCF and Nickel Coated Graphite Powder Surrounded
by the Polymer (Courtesy of www.chomerics.com)

This method would be preferable for large scale manufacturing. For the tests done in this
study, the material quantities and sample sizes were too low to warrant other types of methods.
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Injection molding leaves the fibers longer (400 microns) than the critical length of 200
microns when the fibers are 7 microns in diameter. As expected, injection molding aligned the
fibers and nanostrands along the flow path (see Figure 5-2 and Figure 5-3). But, referring back to
section 4.2, there is some evidence suggesting otherwise and the nanostrands actually bridged
and linked the fibers together.

Figure 5-2 All the NiNS and NCF are Heading in the Same Direction.

Figure 5-3 NiNS Traveling in the Direction of the Material Flow Near
the Gate of an Impact Specimen.
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5.2

Conclusions
Below is a list of the important findings from this study.

1. NiNS at the length used for this study (5 – 20 microns) do not contribute to the mechanical
properties of impact or tensile strengths of a NCF filled polymer.
2. There seems to be a length of NCF in LDPE at which the NiNS stop contributing to the
conductivity of the NCF. At shorter lengths, (.4 mm) they contribute greatly. At longer
lengths (4 mm), they don’t contribute much in the way of conductivity (see Figure 4-13).
Also, the longer the NCF is in the polymer, the lower the percolation threshold.
3. As a follow up to the last finding, if the NCF are longer than 4 mm in a polymer, then it’s not
beneficial to the electrical or mechanical properties to add NiNS.
4. NiNS help NCF create electrical paths through the LDPE, explaining the jump in
conductivity when NiNS are added to the NCF as fillers.
5. The NCF and NiNS disperse well in LDPE and should disperse well in other polymers.
6. This new composite of LDPE filled with 5 volume % NCF and 2 volume % NiNS appears to
be conductive enough to use for electromagnetic interference shielding (see Table 4-5 and
Figure 4-13).
7. Injection molding works well for mixing and dispersing the fillers and matrix once the fillers
have been previously coated with the matrix.
8. A unique and effective way of making towpreg was developed that could be used to create
continuous fiber reinforced polymers where the fibers can be oriented and the tow laid flat
where needed.
The conductivity results of this study for NCF added to a polymer fall in line with other
researchers’ results on conductivity of filled polymers. With the research and data, it will be
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easier now for someone to develop an equation to help predict the conductivity of a material
based on two different types of conductive fillers, one material of long rods and the other of little
branched particles.

Figure 5-4 The NiNS Have Essentially Become Part of the Matrix.

5.3

Recommendations

5.3.1 Injection Molding
For future injection molding of conductive polymers with NiNS and NCF, it would be
advisable to use molds with cavities that help the fillers align more randomly. Whether that
means magnets in the mold, different gating systems, or something else, in order to get
conductivity with the least amount of filler, it would be good to do this. Also, it would be
advisable to use the results of a study conducted by Cheng and published just last year [67] for
the injection molding machine parameters.
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Another study would be to see the performance of products made from regrind, especially
with LDPE. It is usually a forgiving polymer and it would be good to see if the NiNS and the
NCF are sheared anymore as they are put through the injection molding machine more than once.
The great contributions of this study to the field of conductive composites are the
following:
1. A unique and effective way of making towpreg. The method may be used with any
polymer that will melt and flow. This should be tried with a polymer that has already
been mixed with NiNS.
2. Data showing that NiNS do help NCF create electrical paths through a polymer.
5.3.2 More Testing with this Data
The next thing to do is to melt the injection molded specimens or runners created in this
study to form thin sheets for shielding properties testing. These can be melted down and
compressed into thin sheets proper for lightning strike and shielding tests. This would show how
much better NiNS are for filling polymers for shielding than nickel coated graphite powder and
other particles.
After or even in conjunction with the shielding testing, the data gathered in this study
should be added to by creating more injection molded batches with 5 volume % NCF and
varying volume percents of NiNS. At the least a 5:5 volume % would be done in order to create a
curve with the data gathered thus far. If more material is available, create a 5:4, 5:3, and 5:1
volume % fillers of NCF/NiNS. This would be used to compare to the compression molded
samples with fiber at different lengths. Once this is completed, a batch of 7:0 NCF/NiNS in
LDPE should be made for comparison between 2 volume % NiNS and 2 volume % NCF to
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quantify the benefit of using the NiNS instead of additional NCF when the fiber is so short and to
verify the results obtained with the two injection molded sample batches in this study.
5.3.3 Future Ideas and Study
Change the heater for the resin bath from a hot plate to a heat rope or band for making
towpreg. Create a precursor pellet the same as Chomerics or premix the NiNS with the LDPE
before creating the towpreg. If creating towpreg again using the same method described in this
study, create a separate bath specifically for this process that may be cleaned easily.
Find out whether or not channels or tunnels for conductivity can get “burned” into the
polymer. When testing some of the samples, the contact points between the testing mechanism
and the polymer would spark and sometimes smoke. Maybe this created tunnels or sent massive
amounts of electricity through certain areas that would maintain that path, helping electrons to
travel it more readily in the future. Many times, a sample would sit clamped in the testing
mechanism; the resistivity would go down, never really stopping, but only slowing in the
downward direction. This was especially true with those samples of higher filler content.
Have all the towpreg fibers chopped by a machine or something a little more consistent
than a rotary cutter. The fiber lengths ranged from 1-3 mm for the compression sample sets. It
was difficult during this study to ensure fibers were the same length between individual samples.
This was one of the reasons for two sample compression sets. Along with this, use shorter fibers,
0.4 mm in length.
Find out what the critical lengths are for NiNS and NCF in a polymer for injection
molding at which NiNS can greatly contribute to the conductivity and NCF still contribute to the
material properties as well as the electrical properties.
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Try injection molding with longer NiNS to start out with. This would help to know the
length of NiNS possible after injection molding. If the length of the NiNS could be preserved
longer than 10 microns, the percolation threshold would decrease and they would contribute
more to the conductivity than they currently do.
Try substituting NCF that has had the nickel electroplated versus chemical vapor
deposition as it is claimed the electroplating creates an excellent adhesion to the carbon core [4].
It was noticed during processing that the nickel coating tended to flaked off.
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Appendix A

PARAMETERS FOR THE INJECTION MOLDING MACHINE

The following are the parameters used while making the extruded ropes using the
injection molding machine.
position (mm)
Speed (%)
Ejector Pressure (psi)

Table A-1Button S
Protection Pressure
(psi)
Protection time (sec)
Repetition attempts
Clamping pressure start
position (mm)
Clamping pressure (psi)
Clamping pressure
application time (sec)
Pause time (sec)
Cycle time (sec)

10
400

800
Table A-4 Button O

4.0
0.0
225.5
2320 (max)
3.0
3.0
40.0

As of position
(mm)
Speed (%)

150

30

15

0

100

70

20

1
0

Opening
pressure limit
(psi)

1000

Table A-5 Button P
Table A-2 Button K
Advance nozzle
To position (mm)
Speed in braking
path (%)
Contact pressure
(psi)
Contact pressure
application time
(sec)

Location
Temperature

56

Nozzle
325

3
300

2
300

1
300

10
Table A-6 Button Q
2320

1.9 mm Melt cushion/reference value 15.0
1295 psi Hold phase starting pressure
Hold pressure change Time-dependent 1
Start hold pressure sec 5.00
Sub-phase time sec 10.00 7.50 3.75
Holding pressure psi 350 350 400 400

3.0

Table A-3 Button I
Advance ejector to
position (mm)
Speed (%)
Ejector Pressure (psi)
Dwell time (sec)
Retract ejector to

Table A-7 Button T

60

Material designation Clamping unit 20
Shot weight 0.0 g
Mean cycle time 39.0
Material throughput 0.0
Number of cavities 1

100
1000
0.1
20
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Table A-8 Button U

Table A-10 Steps for Manual Cycle, Order of
Operation

5.4 mm Current screw position
1420 psi Max. injection pressure
1.93 sec Injection time/Ref. value 5.00
Monitor min. injection stroke









Table A-9 Button |_| (Shot size)
17.38 sec Max. plasticizing time 7.00
As of pos. mm
Plasticizing delay sec 0.0
decompression mm 0.0
Decompression speed % 10
Shot size (35 mm)



Advance the nozzle
Inject
Turn screw until it fills up to 35
mm
Open mold
Eject part
Retract Ejector pins
Close mold
Repeat

The following are the parameters used for creating the conductive test specimens. All
parameters are the same as above except the back pressure was 2000 and the temperatures were

Table A-11 Button P
Location
Temperature

Nozzle
525
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3
500

2
475

1
450

Appendix B

RESULTS FROM TENSILE TESTING

Table B-1 Tensile Results of LDPE with No Filler
Volume of Nano-Strands

0.00%

Width Thickness Area
Sample (in)
(in)
(in2)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
Max
Min
Median
Mean
Std. Dev.

0.480
0.480
0.480
0.480
0.480
0.480
0.480
0.480
0.480
0.480
0.480
0.482
0.482
0.485
0.481
0.483
0.485
0.480
0.480
0.481
0.001

0.123
0.123
0.123
0.123
0.123
0.123
0.123
0.123
0.123
0.123
0.123
0.123
0.122
0.122
0.124
0.123
0.124
0.122
0.123
0.123
0.000

Elongation
@ break
Break
(in)
Load (lb)

0.059
0.059
0.059
0.059
0.059
0.059 0.059
0.059
0.059
0.059
0.059
0.059
0.059
0.059
0.060
0.059
0.060
0.059
0.059
0.059
0.000

1.80
11.37
4.14
4.08
1.89

Break
Value
(psi)

Elongation Max Load Max Value
@ Max (in)
(lb)
(psi)
Comments

70.10
109.00
96.10
96.40
76.50

1187.33 1846.21 1627.71 1632.79 1295.73 1.36
92.30 1563.35 1.67
91.80 1554.88 1.33
92.90 1573.51 1.75
96.10 1627.71 1.32
87.20 1476.96 1.37
84.00 1416.86
7.38 107.70 1831.51
1.35
83.00 1402.74
1.40
86.40 1448.59
1.86
98.50 1658.00
11.37 109.00
1846
1.32
70.10
1187
1.75
92.30
1563
2.94
91.20
1543
2.87
10.49
179
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112.20
124.30
124.00
124.80
125.10
-

0.49
0.45
0.48
0.49
0.51
0.51
0.45
0.49
0.48
0.02

161.90
150.10
163.00
157.60
156.20
147.40
144.80
147.90
152.50
150.60
163.00
112.20
147.90
142.83
16.26

1900.41 .05 in/min
2105.35 .2 in/ min
2100.27 .2 in/ min
2113.82 .2 in/ min
2118.90 .2 in/ min
.2 in/ min
2742.21 2 in/min
2542.34 2 in/min
2760.84 2 in/min
2669.38 2 in/min
2645.66 2 in/min
2486.25
2462.42
2499.58
2556.84
2534.97
2761
1900
2500
2416
274

Table B-2 Tensile Results of Mixture with Volume of Filler 5:0 Total=5 Volume %
Volume of NCCF
Volume of Nano-Strands

Sample
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
Max
Min
Median
Mean
Std. Dev.

5.00%
0.00%

Width Thickness Area
(in)
(in)
(in2)

Elongation
@ break
Break
(in)
Load (lb)

Break
Value
(psi)

Elongation Max Load Max Value
@ Max (in)
(lb)
(psi)

0.483
0.481
0.482
0.485
0.479
0.485
0.483
0.485
0.485
0.491
0.490
0.489

0.127
0.116
0.123
0.124
0.122
0.123
0.125
0.125
0.125
0.130
0.129
0.135

0.061
0.056
0.059
0.060
0.058
0.060
0.060
0.061
0.061
0.064
0.063
0.066

16.61
1.14
2.35
9.89
1.28
2.51
6.95
4.97
0.99
2.13
18.63
18.63

117.30
12.30
271.00
62.80
23.40
91.80
29.50
52.10
9.10
33.30
14.30
14.20

1912.26
220.45
4571.06
1044.23
400.42
1538.85
488.61
859.38
150.10
521.70
226.23
215.10

0.43
0.20
0.13
0.16
0.16
0.13
0.15
0.12
0.11
0.12
0.36
0.43

170.70
178.80
214.80
217.70
206.20
224.40
212.30
218.50
238.40
240.50
192.20
177.20

0.491
0.479
0.485
0.485
0.004

0.135
0.116
0.125
0.125
0.005

0.066
0.056
0.061
0.061
0.003

18.63
0.99
3.74
7.17
7.03

271.00
9.10
31.40
60.93
74.41

4571
150
505
1012
1254

0.43
0.11
0.15
0.21
0.12

240.50
170.70
213.55
207.64
23.28
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Comments

2782.80 not steady state
3204.53 too short
3623.12
3619.89
3528.53
3761.63
3516.36
3604.12
3932.37
3767.82
3040.66 did not break
2684.24 did not break

3932
3516
3622
3669
141

Table B-3 Tensile Results of Mixture with Volume of Filler 5:2 Total=7 Volume %
Volume of NCCF
Volume of Nano-Strands

Sample

5.00%
2.00%

Width Thickness Area
(in)
(in)
(in2)

1
2
3
4 na
5
6
7
8
9
10
11
12
13
14
15
Max
Min
Median
Mean
Std. Dev.

0.496
0.496
0.485

Elongation
@ break
Break
(in)
Load (lb)

0.133 0.066
0.133 0.066
0.120 0.058
na

0.12
0.09
0.11
na

Break
Value
(psi)

190.10
397.60
215.80

2881.70
6027.16
3707.90

na

Elongation Max Load Max Value
@ Max (in)
(lb)
(psi)
0.09
0.09
0.11
na

325.40
397.60
215.80
na

0.486
0.483
0.485
0.487
0.486
0.486

0.125
0.124
0.125
0.123
0.125
0.120

0.061
0.060
0.061
0.060
0.061
0.058

0.47
0.29
0.51
1.78
3.51
2.46

3.80
4.60
1.60
56.90
100.90
92.60

62.55
76.80
26.39
949.90
1660.91
1587.79

0.09
0.09
0.14
0.23
0.52
2.46

234.50
234.50
196.80
164.00
117.60
92.60

0.487
0.483
0.486
0.485
0.001

0.125
0.120
0.125
0.123
0.002

0.061
0.058
0.060
0.060
0.001

3.51
0.11
0.49
1.11
1.31

215.80
1.60
30.75
63.93
84.26

3708
26
513
1081
1443

0.52
0.09
0.12
0.20
0.17

234.50
117.60
206.30
193.87
45.83
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Comments

4932.69 not steady state
6027.16 not steady state
3707.90
too short
3860.08
3915.38 error, max should be same as #5
3246.19
2737.85
1935.80
1587.79 too little filler

3915
1936
3477
3234
776
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Appendix C

RESULTS FROM DROP IMPACT TESTING

Table C-1 Impact Test Data from 100% LDPE
Date of Test
1/15/2010
per ASTM D 5628-96 (2001)
Material:
Type
LDPE
Source
DOW
Form
powder
Previous history
virgin
Process
Injection Molding
Date
1/4/2010
NCCF/NiNS ratio

0.00%

Testing Parameters
Plunger
Equipment
Location
Temp (F)
Method
Geometry
Test Speed

diam .394"
Instron, Dynatup General Research Corp.
BYU Lab CTB 160
73
Constant Speed & Height used
FE
7.21 ft/s

Size
Impact Energy to Maximu
(diam, Thickness
Energy (in- Max Load m Load
in)
(in)
Texture
lb)
(in-lb)
(lb)

Sample

Total time
(msec)

Total
energy
Load at
(in-lb) Failure (lb) Comment

1
2
3
4
5
6
7
8
9
10

2.468
2.470
2.468
2.472
2.454
2.450
2.450
2.450
2.450
2.458

0.043 smooth
0.045 smooth
0.043 smooth
0.043 smooth
0.043 smooth
0.042 smooth
0.041 smooth
0.042 smooth
0.041 smooth
0.044 smooth

89.65
88.60
93.24
89.50
89.17
83.01
84.49
88.33
88.26
87.16

53.13
57.47
33.1
33.09
33.03
33.46
33.66
31.87
54.83
31.69

159.52
176.14
172.09
175.86
164.6
162.42
162.98
160.56
166.92
161.92

16.1
17.56
14.66
7.2
7.66
16.02
16.8
17.14
17.99
7.76

66.29
71.65
62.82
46.61
45.86
60.6
60.48
59.96
68.08
45.12

55.83
61.65
60.23
61.55
57.61
56.85
57.04
56.2
58.42
56.67

Max
Min
Median
Mean
Std. Dev.

2.472
2.450
2.456
2.459
0.009

0.045
0.041
0.043
0.043
0.001

93.24
83.01
88.47
88.14
2.83

57.47
31.69
33.28
39.53
10.84

176
160
164
166
6

17.99
7.20
16.06
13.89
4.48

71.65
45.12
60.54
58.75
9.63

62
56
57
58
2
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Table C-2 Impact Test Data from 5:0% NCF/NiNS in LDPE
Date of Test
1/15/2010
per ASTM D 5628-96 (2001)
Material:
Type
Source
Form
Histor
Process
Date

Testing Parameters
NCCF/LDPE
CCC/DOW
powder
wet mix
Injection Molding
1/4/2010

NCCF/NiNS ratio

5.00%

Plunger
Equipment
Location
Temp (F)
Method
Geometry
0.00% Test Speed

diam .394"
Instron, Dynatup General Research Corp.
BYU Lab CTB 160
73
Constant Speed & Height used
FE
7.21 ft/s

Size
Impact Energy to Maximu
(diam, Thickness
Energy (in- Max Load m Load Total time
in)
(in)
Texture
lb)
(in-lb)
(lb)
(msec)

Sample

Total
energy
Load at
(in-lb) Failure (lb)

Comment

1
2
3
4
5
6
7
8
9
10
11
12

2.464

0.041

0.101

82.74

56.01

176.44

19.9

70.55

61.75 not at steady state

1.470
1.475
2.473
2.475
2.475
2.471
2.473
2.485
2.482
2.510

0.039
0.039
0.039
0.039
0.039
0.039
0.040
0.038
0.040
0.042

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

85.97
88.32
87.66
88.79
85.27
86.07
88.12
84.17
88.71
87.72

18.67
19.17
19.16
18.13
18.38
19.28
13.84
14.19
24.84
59.90

129.08
130.86
128.7
127.02
127.38
127.7
111.19
113.17
147.68
190.70

6.9
6.84
7.13
7.19
6.94
7.1
6.67
7.62
9.49
20.23

29.57
30.94
29.74
29.06
28.24
31.25
25.13
27.58
39.18
74.43

45.18
45.8
45.05
44.46
44.58
44.69
38.92
39.61
51.69 too little filler
66.74 too little filler

Max
Min
Median
Mean
Std. Dev.

2.485
1.470
2.473
2.225
0.407

0.040
0.038
0.039
0.039
0.001

0.000
0.000
0.000
0.000
0.000

88.79
84.17
86.87
86.80
1.66

19.28
13.84
18.53
17.60
2.25

131
111
128
124
8

7.62
6.67
7.02
7.05
0.29

31.25
25.13
29.32
28.94
1.97
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46
39
45
44
3

Table C-3 Impact Test Data from 5:2% NCF/NiNS in LDPE
Date of Test
1/15/2010
per ASTM D 5628-96 (2001)
Material:
Type
NCCF/NiNS/LDPE
Source
CCC/DOW
Form
powder
Previous history
wet mix
Process
Injection Molding
Date
11/14/2009
NCCF/NiNS ratio

5.00%

Testing Parameters
Plunger
Equipment
Location
Temp (F)
Method
Geometry
2.00% Test Speed

diam .394"
Instron, Dynatup General Research Corp.
BYU Lab CTB 160
73
Constant Speed & Height used
FE
7.21 ft/s

Impact Energy to Maximu
Size (diam, Thickness
Energy (in- Max Load m Load
in)
(in)
Texture
lb)
(in-lb)
(lb)

Sample
1
2
3
4
5
6
7
8
9
10

2.500
2.500
2.475

Max
Min
Median
Mean
Std. Dev.

Total time
(msec)

Total
energy
Load at
(in-lb) Failure (lb)

89.65
92.06
85.31

5.14
1.17
10.05

70.62
23.64
90.03

6.67
6.44
8.84

11.27
7.95
15.58

2.475
2.475
2.484
2.473
2.472
2.452

0.047 brittle
0.042 brittle
0.037 smooth
smooth
0.039 smooth
0.039 smooth
0.040 smooth
0.039 smooth
0.042 bumpy
0.039 pocked

86.42
90.03
92.52
87.88
88.91
86.58

13.97
15.31
14.25
18.01
28.8
22.49

112.42
118.82
119.06
118.23
124.64
101.81

7.14
6.9
7.84
7.27
7.7
13.29

25.54
26.5
25.89
30.89
36.76
40.89

2.484
2.472
2.475
2.476
0.004

0.042
0.037
0.039
0.039
0.002

92.52
85.31
88.40
88.51
2.59

28.80
10.05
14.78
16.73
6.45

125
90
119
114
12

8.84
6.90
7.49
7.62
0.69

36.76
15.58
26.20
26.86
6.99

115

Comments

24.72 not steady state
8.27 not steady state
31.6
too short
39.35
41.59
41.67
41.38
43.62
35.63 too little filler
44
32
41
40
4
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Appendix D

DYNATUP 830 IMPACT TESTER SETTINGS

These are the settings used in the Dynatup Software for testing all the impact samples.
They are saved under file 54: DAVE: NCF/NiNS in LDPE with Conductive Composites. The
drop mass was 10 kg.
Total Energy
Total Time
Load at Failure
Energy to Yield

Table D-1 Setup Menu
Load Range
(lb)
250
Time Range
(msec)
25.
Number of
Data Points
2048
Drop
Tower/
Pendulum?
Drop Tower

Tup
Calibration
Factor (lb)
2226
Hammer
Weight
(lb)
8.54

Max Tup
Load (lb)

Table D-3 Analysis Menu

3500
Filter No.
(1-4)

Smooth Data: No
Find Failure Pt:
Yes

1
Title for
Report/Plot
DYNATUP
DROP TEST
Sending Data:
RS232 Port

Velocity
Multiplier
1.00

% of Max Load
for Failure
35

Change Analysis
Options: No

Table D-4 Labels of Identifiers
Batch Identifier Labels
MATERIAL TYPE
FILLER RATIO
DATE OF INJECTION
Specimen Identifier Label
SAMPLE

COM 1

Table D-2 Report
Batch Name
Batch Size
Batch Identifiers
Date, Time of Test
Load Range
Test Comments
Results to be
Reported
Impact Energy
Maximum Load
Energy to Max.Ld

5
4
7
6

Yes
Yes
Yes
Yes
Yes
Yes
Report
Number?
1
3
2

Table D-5 Plot Menu
1st Y-Axis: Load
X-Axis: Time
2nd Y-Axis: Energy
Hardcopy
Destination
Printer
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Plot Analysis Valued
Yes

