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ABSTRACT

GRAPHITE NANOREINFORCEMENTS IN POLYMER NANOCOMPOSITES

By

Hiroyuki Fukushima

Nanocomposites composed of polymer matrices with clay reinforcements of less

than 100 nm in size, are being considered for applications such as interior and exterior

accessories for automobiles, structural components for portable electronic devices, and

films for food packaging. While most nanocomposite research has focused on exfoliated

clay platelets, the same nanoreinforcement concept can be applied to another layered

material, graphite, to produce nanoplatelets and nanocomposites. Graphite is the stiffest

material found in nature (Young’s Modulus = 1060 GPa), having a modulus several times

that of clay, but also with excellent electrical and thermal conductivity. The key to

utilizing graphite as a platelet nanoreinforcement is in the ability to exfoliate this

material. Also, if the appropriate surface treatment can be found for graphite, its

exfoliation and dispersion in a polymer matrix will result in a composite with not only

excellent mechanical properties but electrical properties as well, opening up many new

structural applications as well as non-structural ones where electromagnetic shielding and

high thermal conductivity are requirements.

In this research, a new process to fabricate exfoliated nano-scale graphite platelets

was established (Patent pending). The size of the resulted graphite platelets was less than

1 um in diameter and 10 nm in thickness, and the surface area of the material was around

100 m2/g. The reduction of size showed positive effect on mechanical properties of



composites because of the increased edge area and more functional groups attached with

it. Also various surface treatment techniques were applied to the graphite nanoplatelets to

improve the surface condition. As a result, acrylamide grafting treatment was found to

enhance the dispersion and adhesion of graphite flakes in epoxy matrices. The resulted

composites showed better mechanical properties than those with commercially available

carbon fibers, vapor grown carbon fibers, or carbon blacks. The exfoliated graphite flakes

reached the percolation threshold at 1.93 wt% (1.13 vol%) in an epoxy system and the

resistivity of the composite showed 39 ohm°cm with 7 wt% of exfoliated graphite, which

is comparable to the high-grade carbon black based systems. The vapor grown carbon

fiber based composites showed higher resistivity at the same filler contents while the

conventional carbon fiber composites showed much higher resistivity and percolation

threshold. Stress distribution analysis by Finite Element Method revealed the stress

concentration condition of composite systems is affected by factors such as shape of the

reinforcements, aspect ratio, and geological arrangements. Based on these results, an

optimal morphology design of nanocomposite system was proposed. Market research

revealed that there is a realistic possibility for applying the new process and material in

commercial products and a venture business plan was proposed based on this new

technology. The venture plan won “The Most Innovative Design” award at the 2002

Michigan Collegiate Entrepreneur’s Conference.
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CHAPTER 1.

INTRODUCTION --- LITERATURE REVIEW



l. 1 . Introduction

Recent advancement in synthesizing, controlling, and characterizing materials on an

atomic scale has attracted many attention to nano-size materials. Polymer

nanocomposites are new type of composites that have been developed recently. Among

these, polymer-exfoliated clay composite are most widely investigated nanocomposites

that show considerable improvement in mechanical properties such as strength, modulus,

and/or toughness with significantly lower reinforcement content than their conventional

counterparts. The exfoliated clay nanocomposites can also provide other unique

properties such as high temperature resistance and reduced permeability. Because of these

advantages, clay-polymer nanocomposites are considered to be useful in applications

such as interior and exterior accessories for automobiles and aircrafts, structural

components for portable electronic devices, and films for food packaging.

The same nanoreinforcement concept could be applied to graphite platelet reinforced

polymer composites, since graphite also has layered structures. Graphite flakes have been

known as host materials for intercalated compounds for many years. Some of the

graphite-intercalated compounds (GICs) can be expanded by rapid heating and show

significant volume increase of 100 times or more. These expanded graphite flakes have

been used as reinforcements for polymer composites, primarily for adding electrical

conductivity to polymer systems. But most of the researches have shown relatively poor

mechanical properties because of insufficient separation of the exfoliated graphite sheets,

lack of good interaction between graphite and matrix, and the existence of many voids

trapped in the composites. Graphite has excellent mechanical properties as well as

electrical and thermal conductivity. If the appropriate exfoliation condition and surface



treatment can be found for graphite material, its dispersion in a polymer matrix will result

in a composite with excellent mechanical properties. Also composites with good

electrical and thermal properties could be achieved, which opens up many applications

such as electromagnetic shielding and thermal conductors. The graphite nanocomposite is

a new research filed that has many possibilities in the future, yet the area hasn’t been

fully investigated and still lots of important knowledge is missing such as:

0 The efficient exfoliation techniques to process graphite flakes into nano-

scale layers

0 Systematic knowledge to design optimal surface condition of graphite

nanoflakes for better nanocomposite systems

0 The total design method to control properties of graphite nanocomposites

to fit many applications.

To provide valuable information to fulfill this missing knowledge, it is necessary to

understand the basic background of graphite nanocomposite field. This introduction

explains:

I. The reason why nano-size materials are good reinforcements.

2. The background of clay nanocomposite systems.

3. The background of graphite flake reinforced composites.

4. Matrix System

5. Adhesion --- Key factor for better composite.

6. Models and theories of nanocomposite properties

7. Summary of introduction

and provides goals and objectives of this research project.



1.2. The Effect of Nano-scale Materials as Reinforcements for Composite Systems

1.1.1. Size Effect on Strength of Solid Materials

In the 1920’s, Griffith found the fact that the strength of glass fibers depends on

its size. The smaller the material is, the stronger it becomes [1]. Now this phenomenon is

called Griffith’s law, and is confirmed for different brittle materials by many researchers

[2, 3]. One example of this theory is shown in Figure 1.1.

Griffith proposed that weakness of larger material is due to the existence of more

defects such as cracks. He assumed that the work on creating new crack surface is equal

to the strain energy released, or the total amount of relaxation of material upon crack

propagation [4]. If the energy required for creating new crack surface is larger than the

strain energy that would be released, the crack doesn’t grow. Based on his assumptions,

Griffith
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Figure 1.1 Tensile Strength of Glass Fibers in terms of Fiber Diameter

(An example of Griffith’s Law. Ref. 2)

 



proposed the existence of a critical crack length at any given stress condition on a

material. Griffith crack length is described as follows [Appendix A1]

2E7 or 022E:

7m no

(H)

where 018 the applied stress, E is the Young’s Modulus, 7is the surface tension, and a is

the half of the crack length. Cracks longer than this length lead to catastrophic failure of

the material. If the material is smaller than the critical crack length, it will not fail and

reach its theoretical maximum strength.

In the 1950’s, Weibull suggested that the failure of fibers was controlled by the

random distribution of defects and thus required a statistical analysis. [5, 6] According to

his model, the probability of failure of a material with volume V can be expressed as

follows [Appendix A2]
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where 018 the Applied stress, 0;, is the critical stress below which no failure occurs, 0;, is

a material constant which relates to the density and the flaw size distribution of the

material, m is called Weibull modulus or Weibull shape parameter which is an

empirically obtained material constant.

Now consider two specimens made of the same material but have different volumes

V1 and V2. Assume the material’s critical stress, 01,, is 0 and the median failure stresses

(the stress at which 50% of the material fails, which means Pv = 0.5) for the two

specimens are 0'1 and 02, respectively. Applying equation (1-2) leads the following

relation.



V2 01 m
—= — 13

V1 [0'21 ( )

This equation shows that if V1 is larger than V2, 0'. is smaller than 0'2. In other words, the

smaller the material is, the stronger it becomes. This result agrees with the Griffith’s law

and indicates that the smaller materials can be better reinforcements in composite systems

in terms of strength. This relation is experimentally well established with many fiber

materials such as glass [7], carbon/graphite [8, 9], boron [10, 11], Kevlar [12, 13], and

ultrahigh molecular weight polyethylene [UHMWPE, 14, 15].

1.1.2. Critical Reinforcement Volume

If a very small amount of reinforcements are added to a matrix, the material will be

weakened rather than strengthened. But if sufficient reinforcement materials are added,

the composite will be stronger than the matrix itself. Thus, there should be a critical filler

volume fraction necessary to achieve reinforcement. Piggott explained this theoretically

[16, Appendix A3]

Efdmu —Em0fu

(xlEf “Embfu

 

Vf.min : (14)

where mem is the Critical Volume Fraction, 0'", and 0],, are the tensile strength of matrix

and reinforcements, Em and Ef is the Young’s modulus of matrix and reinforcements, x1

is a factor which relates to the orientation of reinforcements, and has a value in the range

O<xl<l.

This equation shows that the critical volume is decreased when stronger fillers are

used. This indicates that a reinforced composite can be achieved with less amount of



fillers if smaller materials are used as reinforcements. Thus, using nanoscale material as

reinforcements could lead to composites with easy processability, lightweight, and lower

overall cost.

1.1.3. Average Dispersion Distances of Reinforcements in Matrix

Assume fillers are spherical and packed in face center cubic structure in a matrix.

The average dispersion distance between particles can be written as: [Appendix A4]

1

3
d: {—41/572'] —2 Xr

(1'5)

Vf

where d is the average dispersion distance, Vf is the volume fraction of reinforcement, r is

the radius of reinforcement (assuming as spherical form). The calculated results are

illustrated in Figure 1.2. As shown, the average dispersion distance becomes smaller
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Figure 1.2. Average Dispersion Distance between Particles in a Matrix



for smaller fillers, which means the composite system can achieve a lower percolation

threshold with smaller spherical fillers.

This is also true in the case of platelet fillers [Appendix A5]. Suppose platelet

fillers are embedded in a matrix and aligned in one direction, the volume fraction of

fillers can be written as:

1

P919)
where Vf is the volume fraction of fillers, d is the average dispersion distance, I and t are

 
Vf = (1-6)

the diameter and thickness of platelet filler. If d is fixed at a distance where tunneling

occurs, say 10 nm at room temperature, the volume fraction becomes smaller when 1

and/or 1 is smaller. Now define aspect ratio as a = l/ t, then the equation becomes:

1

11411191
which implies that fillers with a shorter length but a higher aspect ratio could give the

 
(1-7)

smallest percolation threshold.

1.1.4. Summary of The Effect of Nano-scale Materials

Theories show materials with smaller size are stronger than their larger

counterparts, and could be more effective as reinforcements if appropriate surface

condition was applied. Also materials with a smaller size but a higher aspect ratio are

very effective to add special properties such as electrical and thermal conductivity. The

barrier property can be improved if the fillers have flake shape.



1.3. Clay-Polymer Nanocomposites

1.3.1. Background of Clay-Polymer Nanocomposites

Nanocomposites are new materials, which have been deveIOped since the late

1980’s. These materials are a combination of matrix and reinforcements with dimensions

in nanometer size. Compared to the conventional inorganic-organic hybrid composites,

which typically used micrometer size reinforcements, the nanocomposites contain

reinforcements of the size of nanometers, such as layered silicates, carbon whiskers,

metal fillers, and ceramics made by sol-gel processes. The most widely investigated and

developed system among them is the layered silicate-polymer systems.

Layered silicates are a family of phylosilicates that have closely stacked layered

structures comprising silica and alumina or magnesium sheets joined together. They have

high aspect ratio and good mechanical properties, which make them possible

reinforcements for polymer composites. However, their intrinsic tendency to stack

together to form tactoids and hydrophilicity that cause incompatibility with most of the

engineering polymers prevent them from being exfoliated and dispersed in polymer

matrices.

On the other hand, clay minerals have been known as host materials for many

cations since the 1930’s [17]. This swelling phenomenon was investigated intensively by

the end of 1960’s including organic cation exchange reaction [18]. Based on this

knowledge, a research group at Toyota first reported a polymer intercalated clay

composite in 1987 [19, 20]. In the process, they exchanged the inorganic cations inside

the layers of silicates by alkylammonium ions and then e-caprolactam was introduced

into the galleries. This process became possible because of the compatibility between



alkyl chains and monomers. Once the monomers are intercalated into the galleries, a

polymerization process made it possible to exfoliate the clay layers and disperse them in

polymer matrix. Since then, a variety of polymer systems have been investigated

including nylon-6, epoxies, polyimide, poly(8-caprolacton), polysiloxane, polypropylene,

polystylene, polyethyleneoxide and rubbers [21, 22, 23,24, 25, 26].

1.3.2. Classification of Clay-Polymer Nanocomposites

In general, clay-polymer composites are classified into four types: conventional,

intercalated, long range ordering (LRO) and disordered composites [27, 28] (Figure 1.3).

In a conventional composite, clays exist as aggregated layers without any intercalation or

exfoliation. The size of clay reinforcements is the order of micrometers. This type of

composite shows better rigidity than pristine polymers, but the effect is usually limited

and often sacrifices other properties such as strength and toughness. In an intercalated

composite, polymer chains are introduced into the clay galleries, but clays still keep their

layered structures. The distance between layers is in the range of 10~30A. This type of

composite shows considerable advantages in barrier properties and heat resistance ability

[29], but still the improvement in mechanical properties is limited.

Exfoliated composites have exfoliated and dispersed clay platelets with few-

nanometer thickness and several hundred-nanometer diameter [27]. This type of

composites can be divided into two groups, LRO and disordered composites. LRO

composite has intercalated and separated clay platelets (30~100A) so that the adjacent

platelets cannot interact with each other. This allows the comparable reinforcing effect to
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Figure 1.3. Schematic Illustration of Clay-Polymer Nanocomposite Types

that of disordered composites. This structure can be detected by the XRD diffraction of

clay 001 plane. In a disordered composite, clays are intercalated and exfoliated. They

show no 001 peak in XRD measurement. Because of their structure, both of them show

superior mechanical properties with relatively low reinforcements content in addition to

the advantages of intercalated composites [28].

1.3.3. Fabrication Methods of Clay Nanocomposites

Conventional clay-polymer composite fabrication includes simple mixing of clays

with a matrix polymer. Appropriate surface treatments can be applied on the clay surfaces

such as silane coupling, titanate coupling, and polymer grafting. These treatments

improve dispersion of the reinforcements in a matrix. But they do not cause intercalation

or exfoliation [30, 31, 32]. Clay nanocomposite fabrication methods can be classified into

three categories, (1) in-situ polymerization, (2) polymer melts intercalation, and (3)

compatibilizer intercalation.

(1) In-situ polymerization

ll



This method includes monomer intercalation into clay galleries followed by

polymerization. During the polymerization process, clays are exfoliated into nano-size

platelets. At first, the cations in the clay galleries are exchanged by alkyl ammonium

ions, and then polar monomers are intercalated and polymerized by heating. This method

leads to either intercalated or exfoliated composites depending on the kinds of monomers

and polymerization conditions. In the case of e-caprolactam [33, 34, 35, 36, 37, 38, 39],

epoxy resins [27, 28, 40, 41, 42, 43, 44, 45, 46], and e-caprolactone [47, 48], intercalation

has been done in solutions and exfoliated composites have been produced. In the case of

aniline [49] and pyrrole [50], vaporized monomers are applied and intercalated

composites have been achieved. This method is limited only for polar monomers and

nonpolar monomers such as olefins cannot be used.

(2) Polymer melts intercalation

This method includes direct intercalation of melted polymer chains into clay

galleries. At first, alkyl ammonium ions are introduced into clay galleries by using ion

exchange reaction to improve the affinity of clay to organic molecules. Then polymers

such as poly (amic acid), which causes imidization upon heating [51, 52, 53, 54], poly

(ethylene oxide) [55], polystyrene [56, 57], and acrylonitrile-butadiene rubber [58] are

intercalated by mixing polymer melts with the clays. Usually these processes produce

intercalated composites but in some cases long range ordering exfoliated composites can

be achieved.

(3) Compatibilizer intercalation

The Compatibilizer intercalation method was developed to fabricate clay-nonpolar

polymer nanocomposites. After intercalating alkyl ammonium ions, compatibilizers such

12



as functionalized oligomers or copolymers are introduced inside the clay layers. The key

point is to choose compatibilizers that have enough polar segments to cause intercalation

into clays and also have enough nonpolar segments to make them miscible with a

nonpolar polymer matrix. During the mixing process of compatibilizer intercalated clays

and nonpolar polymers, shear stress causes exfoliation and dispersion of clays. Nonpolar

polymers like polypropylene have been used in this method [60, 61].

1.3.4. Properties of Clay-Polymer Nanocomposites

Once silicates layers are exfoliated and dispersed in a polymer matrix, the hybrid

shows unique and preferred properties. Unlike conventional composites, which usually

improve rigidity (modulus) but sacrifice strength, elongation, and/or toughness, these

nanocomposites can improve not only these mechanical properties, but also other

properties such as gas permeability, chemical stability, and thermal stability.

Table 1.1., 1.2., and 1.3. show properties of some conventional silicate-polymer

composites, which are mica/nylon 66 [61], mica/polypropylene [62], and mica/epoxy

systems [63, 64]. Table 1.4, 1.5, 1.6, and 1.7 show properties of clay/nylon 6 [37, 39],

clay/polypropylene [59, 60], and clay/epoxy [45, 46] nanocomposites.

In the above Tg condition, the moduli of conventional composites were improved

by 300 to 500% with 30 to 40 wt% of fillers while those of nanocomposites were

improved by 100 to 300% with only 5 to 10 wt% of reinforcements. In the case of below

Tg condition, the moduli of conventional composites were improved typically by 50 to

100%, while those of nanocomposites were improved by 20 to 80% with much less

reinforcements. The tensile, flexural, and impact strength of conventional composites

l3



could be improved, but often decreased by 20 to 40%, while those of nanocomposites

were often improved by 10 to 40%.

The heat distortion temperature of conventional composites was improved by 20 to

140°C, while that of nanocomposites was improved by 20 to 80°C. The mold shrinkage

and coefficient of thermal expansion (CTE) of conventional composites were improved

by 50 to 80%, while CTE of nanocomposites was improved by 20 to 50%. Water

absorption of conventional composites was improved by about 70%, while water and

other solvents absorption of nanocomposites was improved by 40 to 80%. Considering

the fact that nanocomposites have much less reinforcements, these accomplishments

make nanocomposites excellent materials for many applications.

Table 1.1. Properties of Mica/Nylon 66 Conventional Composites (Ref. 61)

 

 

 

 

 

 

 

 

 

 

 

  

Nylon 66 Mica Glass Beads Clay

(%Change) (%Change) (%Change)

Filler Content Wt% 0 40 40 40

Tensile x 103 psi 13.70 15.26 9.78 10.85

Strength (+1 1.4%) (-28.6%) (-21.5%)

Elongation % 15.0 2.7 3.2 2.5

(-82.0%) (~78.7%) (-83.3%)

Flexural x 103 psi 17.0 26.0 15.8 23.7

Strength (+52.9%) (-7. 1%) (+39.4%)

Flexural x 10" psi 0.45 1.54 0.62 1.01

Modulus (+242%) (+48.9%) (+124%)

Impact 0.55 0.6 0.4 0.3

Strength ft*lb/in (+9.1%) (-27.3%) (45.5%)

HDT* @264 °C 93.3 237.8 208.3 199.4

psi (+144.5°C) (+1 15.0°C) (+106.5°C)

Mold % 1.5 0.31 1.1 0.4

Shrinkage (-79.3%) (-26.7%) (-73.3%)

Specific 1. 10 1.50 1.46 1.47

gravity (+36.4%) (+32.7%) (+33.6%)

Water Wt% 1.8 0.6 0.6 0.4

Absorption (24hr) (-66.7%) (-66.7%) (-77.8%)

CTE** x 105 /°C 8.0 2.2 2.8 3.9

(-72.5%) (~65.0%) (-51.3%)      
 

* Heat Distortion Temperature ** Coefficient of Thermal Expansion
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Table 1.2. Properties of Mica/Polypropylene Conventional Composites (Ref. 62)

 

 

 

 

 

 

 

 

  

PP Mica Silane- Talc Glass Fiber

Mica (%Change)

(%Change) (%Change) (%Change)

Filler Wt% 0 40 40 4O 30

Content

Tg °C ~0

Tensile x 103 4.7 4.1 6.2 4.3 6.3

Strength psi (-12.7%) (+31 .9%) (-8.5%) (+34.0%)

Flexural x 103 4.5 6.5 9.5 6.4 10.1

Strength psi (+44.4%) (+1 1 1%) (+42.2%) (+124%)

Flexural x 106 0.18 0.93 1.10 0.68 0.93

Modulus psi (+417%) (+51 1%) (+278%) (+417%)

Impact ft*lb 0.45 0.60 0.65 0.45 1 .40

Strength /in (+33.3%) (+44.4%) (0%) (+21 1%)

HDT* °C 56 89 108 78 125

@264 psi (+33°C) (+42°C) (+22°C) (+69°C)

Mold % 2 0.8 0.8 1.2 0.3

Shrinkage (-60%) (-60%) (-40%) (-85%)      
 

* Heat Distortion Temperature

 
Table 1.3. Properties of Mica/Glassy Epoxy Conventional Composites (Ref. 63, 64)

 

 

 

 

 

 

 

 

 

         

Epoxy Untreated Mica 1 Silane Treated Mica

(%Change) (%Change)

Filler Wt% 0 10 20 30 10 20 30

Content

Tg °C 172.8 170.8 167.4 168.7

(—2.0°C) (-5.4°C) (~4.1°C)

Tensile MPa 76.4 52.9 52.2 48.3 53.5 53.7 48.4

Strength (-31%) (-32%) (-37%) (-30%) (30%) (-37%)

Tensile GPa 1.73 2.06 2.38 2.67 2.45 2.70 3.51

Modulus (+19%) (+38%) (+54%) (+42%) (+56%) (+103%)

Elongation % 1 1.48 4.60 3.69 2.77 4.55 3.45 2.58

(-60%) (-68%) (-76%) (—60%) (-70%) (-78%)

Flexural MPa 128.9 132.2 90.3 84.9 137.3 1 14.4 102.2

Strength (+25%) (-30%) (-34%) (+65%) (-1 1%) (-21%)

Flexural GPa 3.03 3.57 4.60 5.22 3.45 5.40 5.78

Modulus (+18%) (+51%) (+72%) (+14%) (+78%) (+91%)

CTE ** x 105 8.65 5.89 5.15 4.48 4.70 4.83 4.36

(30-50°C) /°C (-32%) (41%) (-48%) (-46%) (-44%) (-50%)

CTE ** x 105 53.70 14.30 11.70 10.90 13.00 11.20 10.10

(ZOO-220°C) /°C (-73%) (-78%) (-80%) (-75%) (-79%) (-8 l %) 
 

** Coefficient of Thermal Expansion

15

 



Table 1.4. Properties of Clay/Nylon 6 Nanocomposites (Ref. 37, 39)

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      

Nylon Montmo- Mica Saponite Hectorite

6 rillonite

(%Change) (%Change) (%Change) (%Change)

Filler Wt% 0 5 5 5 5

Content

Tg °C ~70

@23°C 68.6 97.2 93.1 84.7 89.5

Tensile MPa (+43.9%) (+35.7%) (+23.5%) (+30.5%)

Strength @ 120°C 26.6 32.3 30.2 29.0 26.4

MPa (+21.4%) (+13.5%) (+90%) (-0.8%)

Elongation % >100 7.3 7.2 >100 >100

@23°C 1.1 1 1.87 2.02 1.59 1.65

Tensile GPa (+68.5%) (+82.0%) (+43.2%) (+48.6%)

Modulus @ 120°C 0.19 0.61 0.52 0.29 0.29

GPa (+221%) (+174%) (+52.6%) (+52.6%)

@23°C 89.3 143

Flexural MPa (+60. 1 %)

Strength @120°C 12.5 32.7

MPa (+162%)

@23°C 1.94 4.34

Flexural GPa (+124%)

Modulus @ 120°C 0.29 1.16

GPa (+300%)

Impact kJ/m2 20.6 18.1

Strength (-12.4%)

HDT* °C 65 152 145 107 93

@ 1.82 MPa (+87°C) (+80°C) (+42°C) (+28°C)

Water % 0.87 0.51

Absorption (-41 .4%)

CTE“ x 10'5 13.0 6.3

/°C (-51.5%)  
 

* Heat Distortion Temperature

** Coefficient of Thermal Expansion

Table 1.5. Properties of Clay/Polypropylene Nanocomposites (Ref. 59, 60)

 

 

 

 

 

 

 

 

 

    

PP Montmorillonite (%Change)

Filler Content Wt% 0 5

Tg °C 13 13

Tensile Strength MPa 32.5 31.7 (-2.5%)

Tensile Modulus GPa 0.78 1.01 (+29.5%)

@-40°C, GPa 3.92 5.06 (+29.1%)

Storage Modulus @20°C, GPa 1.98 2.98(+50.5%)

@80°C, GPa 0.648 1.14(+75.9%)
 

 



Table 1.6 Properties of Clay/Glassy Epoxy Nanocomposites (Ref. 45)

 

 

 

 

 

 

 

 

 

       

Glassy Synthetic Natural

Epoxy Montmorillonite Montmorillonite

(DGEBA/ (%Change) (%Change)

D230)

Filler Wt% 0 5 10 5 10

Content

Tg °C 81.6 83.1 80.2 80.6 79.9

(+1.5°C) (- l .2°C) (-1.0°C) (-1.7°C)

Yield MPa 75.3 80.0 87.5 80.5 83.0

Strength (+62%) (+162%) (+69%) (+10.2%)

Compressiv GPa 1.40 1.51 1.77 1.56 1.70

e Modulus (+79%) (+26.4%) (+1 1.4%) (+21.4%)

CTE** x 10‘5 8.0 6.4 6.0

below Tg /°C (-20.0%) (-25.0%)

CTE** x 105 15.0 14.4 13.5

above Tg /°C (-4.0%) (- 10.0%)

Solvent @50day 18.0 7.0

Uptake s (-61.1%)

(Propanol) wt%

Solvent @50day 12.0 2.5

Uptake s (-79.2%)

(Toluene) wt%
 

** Coefficient of Thermal Expansion

Table 1.7 Properties of Clay/Rubbery Epoxy Nanocomposites (Ref. 46)

 

 

 

 

 

    

Rubbery Montmorillonite Magadiite

Epoxy

(DGEBA/

D2000)

Filler 0 1.4 3.6 7.4 2.6 5.4 10.8

Content

[Wt%]

Tensile 0.6 0.8 1.55 3.60 1.50 2.50 3.40

Strength (+33%) (+158%) (+500%) (+150%) (+317%) (+467%)

[MPa]

Tensile 3.5 4.5 7.5 14.5 6.5 7.7 9.2

Modulus (+29%) (+1 14%) (+3 14%) (+85.7%) (+120%) (+163%)

[GPa]

Elongation 24 3 1 43 48

[%] (+29.2%) (+79.2%) (+100%)    
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1.3.5. Applications of Clay—Polymer Nanocomposites

The clay-nylon 6 system was the first nanocomposite used in commercial

applications and is still the most advanced and successfully applied nanocomposite.

Because of its increased stiffness, strength, thermal stability, and flame retardancy, the

material was first applied in timing belt cover. Although the material is not used for this

application any more, since the cover did not require the improved performance of the

nanocomposite, this trial provided the background to apply this material to other

automobile parts, such as engine and valve covers, underhood connectors, fuel system

components, and coolant system components. Another main application for this material

is food packaging. Because of the improved oxygen barrier performance as a film, the

nanocomposite is used in food packaging primarily for meats and cheese. The material

reduces the thickness of a film that lowers the cost and/or increases the shelf life of the

package.

The clay-polypropylene (PP) system is considered to be the next most important

nanocomposite material since PP has the largest range of applications. The applications

include automobile components such as: interior and exterior trim and air ducting; and

packaging of snacks, meats, cheeses and baked goods.

The c1ay-polyethylenetelephthalate (PET) system is another important

nanocomposite. Because of its improved barrier properties, the material is considered to

be used in PET bottle application, especially the plastic beer bottle market which requires

to maintain the freshness and flavor of the beer. Industrial fiber application such as tire

cord is another possible market for this nanocomposite.
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The clay-epoxy system is also a well developed nanocomposite, which is expected

to be used in metal coating application for appliance housings, automobile components,

industrial machinery, and equipment panels. The nanocomposite can provide improved

scratch and corrosion resistance.

Many other clay-polymer systems are under development and expected to be used

in many applications [65, 66, 67, 68]. The applications for clay nanocomposite systems

are summarized below.

0 Films for food and/or pharmaceutical packaging

0 Automobile parts (fuel tanks, brake parts, engine components, interior and

exterior trim)

0 PET bottles

0 Housings for electronic devices (TVs, stereos, refrigerators, vacuum

cleaners, and kitchen electronics)

0 Window sidings

- Wire and cable covers
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1.4. Graphite-Polymer Nanocomposites

1.4.1. Background of Graphite Reinforced Polymer Nanocomposites

While many researches have focused on exfoliated clay platelets reinforced

nanocomposite systems, the same nanoreinforcement concept can be applied to graphite

platelet. Graphite is one of the stiffest materials found in nature (Young’s Modulus=1060

GPa) and also has excellent electrical and thermal conductivity. Compared to clay

minerals, graphite has better mechanical, electrical, and thermal properties while the

density is lower than that of clays (Table 1.8) [69, 70]. Since the chemical structures of

these materials are totally different [Figure 1.4.], the fabrication method to achieve

graphite nanocomposites should be also different.

Table 1.8. Properties of Clay and Graphite (Ref. 69, 70)

 

 

 

 

 

 

 

 

 

  

Clay Graphite

Physical Structure Layer Layer

Chemical Structure 8102, A1203, MgO, K20, Carbon

Fe203

Interactions between Layers Hydrogen bond 1t - 1:

Dipole-Dipole

Tensile Modulus 172 GPa 1060 GPa

Tensile Strength 0.3-0.9 GPa 20 GPa

R931511V11Y 101O — 1016 (2 cm 50 x 10'6 Q cm

Thermal Conductivity 6.7 x 10-3 W/cm K 30 W/cm K

Coefficient of 8 _ 16 x 10-6 /K -1 x 10-6 /K

Thermal Expansion

Density 2.75 — 3.00 g/cm3 1.80—2.00 g/cm3  
 

Carbon and graphite materials have been used as fillers for a long time. Carbon

black is one of the most widely used carbon materials as fillers because of its cost

effectiveness (less than $0.5/1b). Carbon black is especially important in elastomer

systems such as automobile tire application. The material can provide useful properties

such as UV and thermal protection, electrical conductivity, and improved compound
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processability. Carbon black is also used in many thermoplastic and thermoset resin

systems to add adequate conductivity at lower costs. Because of its relatively poor

mechanical properties and insufficient interactions with matrix polymers, the carbon

black is not used as reinforcement but used as filler for economy, moderate conductivity,

coloring, or opacifying polymers [71].

In the late 1950’s, Bacon succeeded in fabricating graphite whiskers by applying

DC arc discharging process to graphite electrode under high temperature and pressure

[72]. The resulted material showed excellent mechanical properties (Table 1.9) and

attracted much attention. However, the difficulty of large-scale fabrication prevents it

from being used in commercial applications.

At the same time, research efforts to produce continuous carbon fibers were under

way. First, the carbonization process of rayon fibers was developed, and then

polyacrylonitrile fibers were found to be useful as the starting material. Later, the melt-

spinning method of mesophase pitch was discovered. By the end of 1960’s, some carbon

fibers were commercially available and used in military grade aerospace applications.

Because of constant improvements in properties and decreased price, carbon fibers have

found many applications such as commercial jet planes, sporting goods, and automobiles.

Now the tensile strength of some carbon fibers reach 5 to 7 GPa, while the moduli of

other fibers show 600 to 800 GPa [73]. Now it is obvious that carbon fibers become some

of the most important reinforcement materials. However, relatively high cost of carbon

fibers has prevented them from being used in some large-scale applications. Just recently

some of the carbon fiber manufactures began providing low cost carbon fibers at the price
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range of $5-6/lb. These products could open new applications for the carbon fiber

reinforced composites such as commercial automobile body parts.

Since the 1970’s, a new fabrication method of carbon fibers called vapor-grown

carbon fiber (VGCF) has been investigated. The process includes pyrolysis of

hydrocarbon in the presence of catalyst. The resulted fiber has a unique morphology. The

graphene planes are more circumpherentially oriented around the fiber axis and have

higher purity in carbon, which leads to excellent mechanical, electrical, and thermal

properties. However, highly pure graphene planes cause poor interaction with polymer

matrices. The early stage process used fixed catalyst method, which could produce only

small amount of discontinuous fibers at once. Recent introduction of floating catalyst

method improves productivity, but resulting fibers with tangled fibril like shape.

Although the expected cost would be $10/lb or less, the price is still much higher than

that of melt-spun carbon fibers at this point. The current price of VGCFs is $40-50/lb.

In 1985, a new structure of carbon material is found and named as fullerene (or

buckyball) [74]. It has a spherical shape, comprised of 60 carbons. These carbons form

five or six-membered rings, which construct a sphere just like a soccer ball. Following

this discovery, another new structure of carbon was reported in 1991 [75]. Because of its

nano-scale size and tubular shape, the material is called carbon nanotubes. Because

researchers predicted that the material has the highest available mechanical and electrical

properties among carbon materials, a lot of researchers in a variety of fields including

advanced composite area are now working with this material. But its low productivity

and very high cost make it difficult to apply this material to commercial applications in

the near future.

22



Clay

  

      

 

 

 

Yléi:':2» ‘

Rafi"A)

vv 1um

V

Graphite

.‘.....\.... 01" Carboxyl

- - - - Q Q Lactone

.o......‘. 0 Pyrone

3 35 A .. - C 9 -

.:O.\.....: .0"

3.8.8.8.8.: Hydroxyl

:.:.:.:.:.: on
\NHz \\NH O Semi-Quinone

Amine lmine

Figure 1.4. Structures of Clay and Graphite



Table 1.9. Properties of Carbon/Graphite Materials

 

 

 

 

 

 

 

 

        

Diame- Length Tensile Tensile Electrical Thermal Cost

ter Modulus Strength Resistivity Conduc-

[um] [GPa] [GPa] [Q cm] tivity [$llb]

[um] [W/m*K]

Carbon 10-300 10-300 10'T - 102 < 0.4

Black

High 4.5-7.2 Continu- 250- 300 5 - 7 6.8 x 10‘3 <15

Strength ous

CF

High 4.3-8.4 Continu- 400-800 2.5 — 4.0 1.7 x 10'3 15—25

Modulus ous

CF

Chopped 6-8 100 - 150-250 1.5-3 5 -6

CF 7500

Vapor 0.1-10 10 — 500 250-500 3 - 7 7 x 10‘5 - 20 — 40-50

Grown CF 1 x 10'3 2000

Carbon 0.007- 1 1250 ~ 50 ~ 180 3000 40,000

Nanotube 0.1 2000

Single 0.4 - Thick- 1000 10 - 20 5 x 10'5 3000 < 5

Crystal 2000 ness

Graphite 0.005 -

100
 

 
Theoretically the crystalline graphite has excellent mechanical, electrical, and

thermal properties, and many crystalline graphite materials are available including natural

and synthetic graphite. These materials are more abundant and more economical than

graphite whiskers and VGCF, yet the properties are similar or better. Carbon nanotubes

have better properties than those of crystalline graphite materials, yet the cost of

crystalline graphite is much cheaper, which makes it a more realistic choice for

commercial applications. If these particles were exfoliated and separated into single or

few layers of graphene sheets and an appropriate surface treatment was applied, these

materials could be excellent reinforcements in polymer composites in terms of

mechanical, electrical, thermal and economical point of view.
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1.4.2. Intercalated, Expanded, and Exfoliated Graphite as Reinforcements in Polymer

Matrix

Graphite has been known as a host material of many chemicals, including metal

halides, metal oxides, and mineral acids. Also, the exfoliation phenomena of some of the

graphite intercalated compounds (GIC) have been investigated for a long time. In the

1910’s, Aylsworth filed two patents related to expanded graphite and its usage in molding

application [76, 77]. The claims include (1) the process of intercalating acids into

graphite, (2) heat expansion of the intercalated graphite to make “fluffy graphite”, and (3)

compounding expanded graphite in resins, typically phenolic resins. He reported that the

graphite have to be expanded, but not completely separated so the specific gravity was

decreased significantly. As a result, his invention could offer lightweight, heat resistant,

and chemically stable moldings suitable for gaskets and packing applications, but there

was no claim about electrical conductivity. Since then, many researchers have been

investigating the exfoliation phenomena of GICs [78, 79, 80, 81, 82, 83].

Based on the fact that the electrical conductivity of graphite particles can be

enhanced by intercalating strong acid, halide salt, or metal halides, Lincoln and his

coworkers proposed composites reinforced with intercalated graphite which had very

high conductivity. [84] In their research, the intercalated graphite materials were not

expanded. As a result, they needed to add 10 to 65 volume % of graphite in the system to

achieve conductivity and the density of the final composites increased. Also, the

mechanical properties of composites are not improved because of the lack of appropriate

surface treatment on graphite materials.
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After Lincoln’s research, many people proposed using expanded or exfoliated

graphite in polymer systems to fabricate lightweight and conductive polymer composites

[85, 86, 87, 88, 89]. Table 1.10. shows the electrical properties of these composites.

Table 1.10. Electrical Properties of Intercalated or

Expanded Graphite Reinforced Composites

 

 

 

 

 

 

 

 

 

Ref. [77] [85] [86] [87] [88] [89]

Graphite Intercalated Expanded Expanded Expanded Expanded Expanded

Aspect 2 or 20 100

Ratio

Polymer Vinyl Polyimide HDPE Polyester Epoxy

ester

Vol%of 10-65 >50 50 10-50 20—50 2-9

Graphite

Density of < 0.7 ~0.75 0.6 - 0.8 0.5 — 0.9

Composite

lg/cm31

Resistivity 1.6 x 10'3 < 5 x 10'I 1.4 1x 10'I 3 x 10'3 2 x 10?

[Q*cm] (60 vol%) (60 vol%) (50 vol%) (40 vol%) (50vlo%) (9 vol%)

Percolation 2.5 - 7.5 < 4.0 < 2.0

threshold wt% wt% wt%      
 

Typically these composites include 10 to 50 vol% of exfoliated graphite and show

density of 0.5 to 0.9 g/cm3. The resistivity reached as low as 10'"1 to 10"3 Q cm, which is

low enough to be used in applications such as electromagnetic interference (EMI)

shielding material, electrostatic discharge material, and electrical conductors. Percolation

threshold was typically 4 wt% and it became less than 2 wt% in the case of exfoliated

graphite with high aspect ratio (>100). However, the resulted composites often included

many voids and the mechanical properties were expected to be poor, thus, these

properties were ignored. Some authors reported improved mechanical properties of

exfoliated graphite reinforced composites [90, 91]. Typically, these composites include
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30 to 50 vol% of exfoliated graphite. The modulus was improved more than 200% in the

case of above Tg condition and strength was improved by up to 20%.

Recent success of clay-polymer nanocomposite field provoked some researchers to

apply the same concept to graphite-polymer nanocomposite systems. Several techniques

have been reported to fabricate graphite nanocomposites. These techniques include the

in-situ polymerization with expanded graphite (In-situ polymerization technique), the

solution intercalation, the melt blending, and the in-situ polymerization with initiator—

intercalated graphite (polymerization-filling technique).

0 In-situ polymerization technique

Hu and his co-workers intercalated e-caprolactam into exfoliated graphite galleries

and applied in-situ polymerization technique to make nylon6/graphite nanocomposite

[92]. They also achieved good conductivity and increased modulus with up to 3 vol % of

graphite, which is much smaller loading than the previously reported results. At the same

time, Chen and his group applied the same technique to polystyrene/graphite

nanocomposite system [93, 94]. They achieved nanometer-size graphite platelets

dispersed in polymer system and successfully improved tensile strength as well as

conductivity. But impact strength was decreased in both cases. Gong et al. also made

polystyrene/graphite composites and reported improved electrical conductivity and

thermal resistance [95].

0 Solution Intercalation

Shen et a1. fabricated polypropylene/graphite nanocomposites by mixing expanded

graphite with maleic anhydride grafted polypropylene in xylene solution. They call this

process the solution intercalation technique and achieved composites with good
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conductivity [96]. Wong et a1. dissolved polymethylmethacrylate (PMMA) in chloroform

and mixed this solution with expanded graphite to make composites with good electrical

conductivity. The percolation threshold showed 0.6 vol% [97].

0 Melt Blending

Wilkie et al. applied melt blending technique to nylon6/acid-intercalated graphite

system [98]. The temperature setting for blending was 250°C and graphite flakes were

exfoliated during the process. The resulted composites showed improved thermal

stability, but reduced mechanical properties.

0 Polymerization-filling technique

Organic molecules are known to be intercalated into graphite layers not by

themselves alone but with alkali metals and make co-intercalated GICs. In this case,

alkali metals, such as potassium, rubidium, and cesium, are first intercalated into highly

oriented pyrolytic graphite galleries. Organic materials such as benzene, ethylene,

propylene, acetylene, isoprene, styrene, 1,3-butadiene, acrylonitrile, l-butane, and

isobutene can then be intercalated and make co-intercalated compounds.

In 1976, Beguin and his group reported that benzene could form biphenyl inside Cs-

GIC galleries [99]. Since then it has been confirmed that benzene can form oligomers in

the layers of GICs [100, 101, 102, 103, 104]. Also ethylene and acetylene have been

found to form oligomers in GICs galleries [105, 106, 107]. Based on these results,

Shioyama and his group successfully polymerized unsaturated hydrocarbons inside GIC

galleries [108, 109, 110, 111]. In their study, vaporized isoprene, styrene, and 1.3-

butadiene were intercalated into GICs and polymerized, which caused exfoliation of

graphite layers. The degree of polymerization of the resulted polyisoprene was estimated
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about 3,800. The mechanism of polymerization reaction is considered to be similar to the

anion living polymerization initiated by sodium-naphthalene [112, Appendix A6].

Wilkie and his group used the same technique to make polystyrene/graphite

nanocomposites and found improved thermal stability, but decreased mechanical

properties [113, 114]. Gong also fabricated polystyrene/graphite nanocomposite

following the same reaction and reported improved thermal stability and good electrical

conductivity with a percolation threshold of 8.2 wt% [115].

The properties of graphite nanocomposite based on In-situ polymerization and

polymerization-filling technique are summarized in Table 1.11. Since graphite

nanocomposite is a new field, not many papers have been published to date and the

concept of nanoflake-reinforced composite has not been fully accomplished yet. Thus,

more detailed research efforts are needed to understand this area, including design and

evaluation of the interface and adhesion between graphite nanOplatelets and polymers. If

the appropriate surface treatment can be found for graphite, its exfoliation and dispersion

in a polymer matrix will result in a composite with excellent mechanical properties as

well as electrical properties, opening up many new applications such as electromagnetic

shielding and thermal conductors.
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1.4.3. Advantages and Applications of Graphite-Polymer Nanocomposites

Since graphite flakes are discontinuous reinforcements, they cannot replace the

applications which require superior mechanical properties and need continuous carbon

fiber reinforced composites. Because of their small size, these flakes could be

incorporated in various polymers and molded by widely used processing methods

including injection molding, resin transfer molding, and sheet molding compounds.

Accordingly, freedom of design can make it possible to consolidate parts and reduce the

assembly steps, which could decrease the total cost. In addition to these advantages in

processability point of view, graphite-polymer nanocomposites could have distinctive

advantages including excellent mechanical, electrical, and thermal properties in addition

to lightweight and lower coefficient of thermal expansion. Because of the overall

excellent properties and easy processability, graphite-polymer nanocomposites could be

used in many applications such as:

0 Thermal conductors (Heat management component for notebook computers

and PDAs)

0 Electronic heat sink

0 EMI shielding material (Disk drive housing. Bodies and parts for PDAs and

cellular phones)

0 Connectors and switches

0 Electrostatic dissipative material (Interior parts and coatings for houses,

automobiles, planes, ships, and spacecrafts. Wire and cable covers.

Automobile fuel line components)

0 Electrostatic painting (Automobile exterior trim)
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1.5. Matrix System

1.5.1. Model Systems

Virtually all kinds of polymers could be incorporated with exfoliated graphite to

make composite materials. The selection of polymers and process methods depends on

the final application. It is required to design optimal surface and interface/interphase

conditions to achieve maximum performance in each system. Since graphite-polymer

nanocomposites is a new field, no systematic knowledge is available. Thus, it is

reasonable to set up a model system and investigate the surface condition of graphite

nanoreinforcement and overall properties of the resulted composites.

1.5.2. Epoxy

Epoxies are widely used thermoset polymers in many applications such as coatings,

adhesives, sporting goods, and structural material for bridges, airplanes and spacecrafts.

Also, they are some of the most widely used matrices for carbon fiber reinforced

composite systems. Epoxies are available in relatively low-viscosity liquid forms that

make them easy to process and penetrate into fiber bundles and leads low void formation.

They also have low shrinkage and good chemical resistance. Chemical properties of

monomers, curing agents, and cross-link density are the main factors for the properties of

the resins.

Because of its availability and wide usage in carbon fiber-polymer composite

systems, it is reasonable to choose an epoxy resin as a model system for this research.

Diglycidyl ether of bisphenol A (DGEBA) is the most widely used epoxy resin and
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suitable for the purpose. Epon 828 was purchased from Shell Chemicals and used in this

research. The chemical structure of the resin is shown in Figure 1.5..

The properties of epoxy can be controlled by choosing suitable curing agents. For

example, Tg of epoxy systems can be controlled from -40°C to 182 °C by choosing

different curing agents [45, 46, 116]. Also tensile moduli change from 3.5 to 3300 MPa

and tensile strength from 0.6 to 75 MPa. Table 1.12 summarizes some of the properties

of epoxy systems. The chemical structures of these curing agents are shown in Figure

1.6. [45, 46, 117].

Table 1.12 Properties of Epoxy Systems

 

 

 

 

 

 

 

 

 

       

Epoxide DGEBA (EPON 828)

Curing Jeffamine Jeffamine Jeffamine mPDA

Agent D2000 D230 T403

Curing 75 °C, 2hr 75°C, 3hr 85°C, 2hr 75°C, 2hr

Condition 125°C, 3hr 125°C, 3hr 150°C, 2hr 125°C, 2hr

Tg °C -40 82 90 182

Tensile MPa 0.6 67 61 73

Strength

Tensile MPa 3.5 2800 2500 3300

Modulus

Elongation % 25 9.6 9 ~ 10 4

Poisson’s 0.35 0.35

Ratio

CTE um/m°C 80 89

(below Tg)

CTE um/m°C 150 185

(above Tg)
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Diglycidylpether of bisphenol A (Epon 828, Shell Chemicals)

0 1

64.56..@1113 CH. @E‘iQy0
CH3

I

  
- n

m = 0.14,

[m=0(88%) + m: l(10%) + m=2(2%)]

Figure 1.5. Epoxy Resin

Jeffamine D2000 Jeffamine D230

(Huntsman Petrochemical) (Huntsman Petrochemical)

PEN—(EH Hz—O—CHQ (EH—N112 HzN—(EH—CHZ O—CHz—EH NHZ

CH2 CH3

n=2.6

fl

n=33.1

Jeffamine T403 m-Phenylenediamine

(Huntsman Petrochemical) (Aldrich Chemical)

Hz—[ocnzcn (013)}an N112

CH3CHT—c—CHZ—EOCH2CH 611$}an

cur-[ocnzcn $113)}an N112

X+Y+Z=5.3

Figure 1.6. Curing Agents for Epoxy Systems
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1.6. Adhesion of Nanoreinforcements to Polymer Matrix

Good interactions between reinforcements and a matrix are the key points to

maximize performance of composite systems. Good adhesion effectively transfers stress

from a matrix to reinforcements, making the system stronger, but it is not simple to

define the optimal surface condition. For example very strong interaction between

reinforcements and a matrix often leads to a stiff and brittle interphase, making the

composite less useful. To design the optimal surface condition, it is necessary to

understand basic concepts of interface and interphase, adhesion mechanisms, and the

evaluation methods of adhesion.

1.6.]. Interface and Interphase

The interface between reinforcements and matrix used to be considered as a simple

two-dimensional boundary, but actual interrelationships between them have complex

structures including an interphase that has a three-dimensional region with thickness

ranging from 5 to 5000A [118]. Figure 1.7. shows a schematic model that includes

various factors occurring in the interphase region [119]. This region includes surface

treatment agents, surface chemical groups, absorbed gases on the reinforcement surface,

and chemically and morphologically different polymers from bulk matrix. Topography

and morphology of the reinforcements are also factors to be considered. The introduction

of the strongly bound, concentric, and elastomeric interphase between reinforcements and

a matrix is the key point of improving the overall mechanical properties of the composite

systems.
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Because of the structural and chemical complexity of the interphase, it is not easy to

make models that can effectively predict the appropriate surface treatment required for a

given reinforcement-matrix combination, but oversimplification often fails to estimate

precise composite properties. Thus, precise characterization of the interphase region, such

as chemical (functional groups) and physical (crystallinity, topography) structure of both

reinforcements and matrix, as well as the elasticity of the interphase region are necessary

for making effective composite models. XPS, FT-IR, and NMR measurements are often

used to analyze the chemical structure while microscopes (SEM, TEM, AFM, and optical

microscopes) as well as DSC measurement are used to analyze the physical properties.

To investigate the modulus of the interphase region, precise nano-scale indentation

experiments are required.
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Figure 1.7. Schematic Diagram of the Interphase Region in Composite
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1.6.2. The Mechanisms of Adhesion

Adhesion phenomena rely on many intermolecular interactions, which can be

classified into three groups: physical, chemical, and mechanical interactions. The

physical interactions are based on Van der Waals forces, hydrogen bonding, and other

low energy interactions. Van der Waals forces include dipole-dipole interactions, induced

dipole-dipole interactions, induced dipole-induced dipole interactions, and nondipole-

nondipole interactions. Hydrogen bond is based on the interaction between a hydrogen

atom and a nitrogen, oxygen or fluorine atom. The energy of these interactions is

estimated to be up to 20 kcal/mole. Factors for these interactions are molecular

conformation, atomic arrangement of the surface, and morphological properties of matrix

and reinforcements. Although the individual bond is weak, it could show strong total

bonding if the interaction occurs in a large area.

The chemical interactions contain covalent bonding, electrostatic attraction, and

wetting. Chemical interactions make stronger bonding than physical or mechanical

interactions and its energy are expected to be more than 20 kcal/mole. Thus, once these

interactions occur, they would dominate the properties of the interphase and adhesion.

Carboxyl, hydroxyl, and amine groups are some of the many functional groups, which

play a main role in chemical interactions. Main factors are chemical constitution of the

interface, chemical reactions that occur at the interface, and the strength of the bonding.

The mechanical interactions can be attributed mainly to the entanglement of the

molecules at the interphase. Main factors are the length of the chains, molecular

conformation, and ease of molecular motion at the interface.
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1.6.3. Theory of Adhesion at Solid-Liquid Interface

The strength of adhesion at solid-liquid interface can be described by

thermodynamics. In the early 19th century, Young found the fact that the contact angle of

a droplet on a solid depends on the surface condition. He assumed thermodynamically-

equilibrium condition and proposed an equation called Young’s equation [120, Appendix

A7].

In the 1860’s, Dupre proposed that the energy required to separate a matrix and

reinforcements can be expressed by using the surface energies of the matrix,

reinforcements, and the interfacial free energy between them [121, Appendix A8]. The

combination of these equations leads to the Young-Dupre equation,

Wu =y,(1+cost9) (1-8)

where Wa is the work of adhesion, )1 is the surface energy of the liquid, and the 6 is the

contact angle. When cos6E1, or 6:0, the work of adhesion reaches its maximum. In such

conditions, the relations among surface energies becomes as follows:

7,. — 7n = 71 (1-9)

where )5, x1, and )1 are the surface energies of solid, solid-liquid interface, and liquid.

Here the surface energy must be equal or greater than zero. Thus, surface energy of the

solid should be greater than that of the liquid for good adhesion.

In the 1950’s, Girifalco and Good proposed that the work of adhesion could be

expressed by the geometric mean rule (or the combination rule) [122, 123], which is:

1/2

Work of adhesion between Work of cohesion Work of cohesion

solid and liquid = of liquid x of solid
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They considered a non-polar system where adhesions and cohesions are based only

on dispersion interactions and derived the work of cohesion [Appendix A9]. Thus, the

work of adhesion based on dispersion interactions can be written as:

W.” =21/710 ‘7? (1-11)

In the 1950-60’s, many people tried to incorporate interactions such as dipole-

dipole interactions and hydrogen bond into the adhesion theory. Fowkes first proposed

separating the surface energy into many components, but because of the complexity of

the equation, later he suggested to summarize the equation into two dominant terms,

which are dispersion and acid-base interactions [125]. Then, the work of adhesion is also

expressed in two dominant terms. Based on the geometric mean rule and the fact that

only positive and negative components attract each other, the acid-base component of the

work of adhesion between solid and liquid can be written as: [126]

W.” = 2117.37,‘ +7757?) (1-12)

Now total work of adhesion can be expressed as:

W. =7,(1+0086)=2[Jrl° 7.” +7756 1:77.73] (1-13)

This equation gives the basic theory of solid surface analysis. Suppose three liquids with

known 710, W, 71’ [Appendix A10 ] are available and the contact angles of these liquids

on a solid can be determined experimentally [Appendix All] and three equations based

on (1-13) can be obtained. Then the surface energy components of the solid, 1?, 75+, and

7:, can be determined by solving these three equations. By using this technique, the work

of adhesion between the matrix and reinforcements with different surface treatments can

be evaluated. More detailed explanation of this theory is given in Appendix A12.
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1.6.4. Surface Treatments of Carbon/Graphite Materials

To improve surface conditions and the wettability of carbon / graphite materials,

many surface treatments methods have been developed and applied [128, 129]. Liquid

phase chemical oxidation was one of the earliest methods applied for the materials. Nitric

acid, hydrogen peroxide, and acidic potassium permanganese are some of the examples

of oxidizing agents used to treat carbon materials. These oxidizing agents could

successfully introduce acidic functionalities, especially at less crystalline regions, but also

increased defects on the surface and thus decreased the tensile strength of the material.

For example, high strength carbon fiber (less degree of graphitization) showed significant

increase in both oxidized functionalities and surface area after nitric acid treatment

compared to the high modulus carbon fiber (higher degree of graphitization), but the

composites reinforced with the high strength fibers showed less improvement in

properties because of the decreased fiber properties [130].

Electrochemical oxidation in an electrolyte bath generally offers a milder condition

than liquid phase chemical treatment and doesn’t cause many pittings or degradation of

the material, but still loss in weight and tensile strength occurs in some degree. Because

this method can treat large amount of continuous fibers in a short time, it is widely used

in commercial manufacturing processes. Both acidic and basic functional groups have

been introduced such as hydroxyl, carbonyl, carboxyl, and amine groups. The electrolytes

used and treatment conditions are the main factors that determine how many functional

groups are introduced [130].

Plasma treatment uses a cold plasma state. During the process, complex reactions

including ionization, excitation, dissolution, and recombination can occur because of the
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collision of electrons and other species existing in the reaction chamber. This reaction

affects only the surface region of the sample up to 10 nm. The atmosphere could be 02,

air, N2, NH3, or Ar. The functional groups introduced on the material depend on the

atmosphere. O2 and air plasma treatments can add carboxyl and hydroxyl groups. They

are relatively reactive and add more functional groups than Ar, N2, or NH3 Plasma. N2

and NH3 plasma treatment typically add primary and secondary amine groups. Some

researchers reported that plasma treatment improved tensile strength of fibers themselves

in addition to adhesion and flexural strength of composites [131].

Sizings are also used to improve adhesion. Epoxy sizing can significantly improve

interfacial bonding, without affecting the properties of carbon fibers. As a result, tensile

strength, compressive strength, and flexural strength are reported to increase while

moduli remains almost the same. These results can be attributed to the change of failure

mechanisms from the interface-initiated mode to matrix-initiated mode due to strong

interfacial bonding [132, 133, 134, 135].

In each of the above cases, interfacial shear strength (IFSS) can be improved from 50

to 300% compared to untreated control sample. Also, improved tensile, flexural, and

compressive properties are reported. However, loss of toughness is often accompanied

with these improvements. Thus, the surface and interface structure should be designed

carefully according to the final applications.

Grafting chemicals on carbon fibers has been also investigated to improve the surface

condition of carbon fibers. Pittman et al., introduced amino groups on carbon fibers by

grafting amines. First they applied nitric acid treatment to introduce carboxyl groups on

carbon fibers, and then amines were introduced by forming amide bonds between the
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fiber and amines used. The reactivity of these amine groups and epoxy resins were

evaluated and it revealed that these amines can react more with smaller epoxy resins

[136, 137]. Yamada et a1 introduced amine groups on carbon fibers by using graft

polymerization of acryl amide. First, the fibers were treated by plasma to increase the

active radicals on the fiber surface, and then vinyl monomers were applied to form

polymers grafted on the fiber surfaces. The pull out force in the epoxy matrix was

examined and showed increased value with increased degree of grafting [138].
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1.7. Theories of Nanocomposites

1.7.1. Theory of Modulus

Many theories and models have been proposed to estimate the composite modulus

theoretically [Appendix A13]. The basic concept of theoretical estimation of composite

modulus began with the rule of mixtures. The model assumes fibers are uniaxially

aligned and perfectly bonded to the matrix. Also it assumes both matrix and fibers are

elastic and isotropic materials. According to this model, five basic elastic constants can

be calculated [139, Appendix A14].

In the 1950’s Eshelby introduced a totally new theory [140, 141]. His model has a

single ellipsoidal inclusion embedded in an infinite medium which undergoes uniform

deformation corresponding to imposed deformation in the media at large distances from

the inclusion. The bonding between inclusion and the matrix is assumed to be perfect.

Then he introduced an “equivalent homogeneous inclusion” (EH1), which is made of the

same material of matrix, but has an appropriate misfit strain (equivalent transformation

strain, 8T ) so that the stress field of the “equivalent homogeneous inclusion” in the

composite has the same stress field as the actual inclusion. Eshelby defined 8T as related

to constraint strain, 8C, and expressed it by introducing a new tensor called Eshelby’s

tensor, which is a function of the aspect ratio and Poisson’s ratio of the inclusion. Thus,

his model can predict elastic constants of composites with fillers of various shapes

including flake-like shapes. The detailed explanation of his theory is shown in Appendix

A15.

Shia and Hui pointed out that Eshelby’s theory could have a large discrepancy from

experimental data because of the perfect bonding assumption, especially when the
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modulus of the reinforcement is much larger than that of the matrix. They insisted that

slip should occur near the end of the reinforcement so that the “effective” length of it is

shortened. As a result, the “effective” aspect ratio and the “effective” volume fraction of

the reinforcement are also decreased from the real values. The definitions of these

“effective” factors are described in Appendix A16. They incorporated these “effective”

factors in to the Eshelby’s theory and applied it to clay nanocomposite systems [142]. By

substituting the experimentally obtained modulus into this equation, “effective” factors

were calculated. The results are shown in Table 1.13. The “effective” values are

decreased from real values by 30 to 43%. This theory gives a new method to investigate

the adhesion of nanoreinforcements to the polymer matrix.

Table 1.13. The Effective Volume Fraction and Aspect Ratio in

Clay Nanocomposite Systems

 

 

 

 

 

Volume Fraction Effective Volume Aspect Ratio Effective Aspect

(Vol%) Fraction Ratio

2.0 1.38 233 161

(-3 l %) (-3 1%)

3.0 1.78 233 140

(-4l%) (-41%)

4.3 2.24 233 123

(-43%) (-43%)   
 

 



1.7.2. Theory of Failure

Failure mechanisms of materials can be classified into several categories

[Appendix A20], which include the yielding of ductile materials, the fracture of brittle

materials, and fatigue. Many theories have been proposed to describe the mechanics of

each failure mode. In the case of thermoplastic polymer materials, the yielding (plastic

deformation) is the dominant failure mechanism except for very brittle polymers. On the

other hand, either yielding or fracture can be the main failure mechanism for thermoset

polymers since both brittle and ductile thermoset polymer materials can be fabricated by

controlling the cross-link density and the molecular chain length between two adjacent

cross-link points.

In the case of short-fiber reinforced polymer composites, the fracture process could

be a combination of multiple mechanisms. If the bonding between matrix and fibers was

perfect, the failure would occur by either plastic deformation of the matrix or breakage of

the fibers. In practice, however, most of the composite failures are initiated by interfacial

debonding around the reinforcements. SEM observations of the short-fiber reinforced

composite failure process revealed that it included several steps [143, 144].

(1) The initiation of failure by interfacial debonding occurred at the fiber ends

(2) Plastic deformation of the matrix around the fibers

(3) Interfacial microcrack propagation along the fiber sides

(4) Catastrophic crack propagation throughout the matrix

Thus, it is important to investigate the adhesion condition and stress distribution at both

the interface and the matrix regions to assess the failure condition.
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The adhesion condition between fibers and a polymer matrix can be investigated

experimentally by methods such as fiber pull-out test, microdrop technique, and single

fiber fragmentation test [145]. It is difficult to assess the interfacial bond quality of flake-

reinforced composites because of the variability in the dimension of the flakes. However,

the stress distribution at the interface region of these composites can be simulated by

using a finite element method.

To investigate the plastic deformation phenomena, many theories have been

proposed and compared with experimental data. Among these, the von Mises yield

criterion [146] is most widely used because it can provide the best agreement between

theory and experimental results in many cases. This model assumes that the failure of

ductile material occurs when the energy of distortion reaches the yield energy of the

material. In the case of a material under principal stresses, the criterion is mathematically

expressed as,

o-> --i(—)2(—)"(—)2Iy2 114yield-Jefl—fi 0'1 02 +02 03 +03 01 (- )

where Jeff is the effective stress of the material and 01, 02, and 03 are the stresses in

direction 1, 2, and 3. In the case of plane stress, only 01 and 02exist. So the equation

becomes,

1

0,.ield20'efl =(O'12—0'10'2+O'22)/2 (1-15)

This is expressed as a principal stress ellipse as illustrated in Appendix A21. The

effective stress values can be affected by shape, size, and geometric arrangement of

reinforcements. These effects can also be simulated by using a finite element method.
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1.7.3. Toughness and Strength

The fracture toughness of composite materials could increase, remain constant, or

decrease with increasing reinforcement content. This is a result of a complex combination

of many mechanisms. Thus, it is important to consider all the possible effects to

investigate the different tendencies. The positive effects on toughness include energy

absorbing mechanisms such as more plastic deformation of the matrix around

reinforcements, crack branching due to hindrance by reinforcements, shear deformation

in the interphase region, creation of voids and crazes at the reinforcement edges, etc. The

negative effects include the introduction of stress concentration sites. The toughness can

be improved either by increasing strength, increasing energy absorption mechanisms, or

both.

The strength of composites is related to adhesion condition and stress

concentration at the interface. The better adhesion allows for a more efficient stress

transfer from matrix to reinforcements, which leads to a higher ultimate strength. The

stress concentration at the interface can be affected by the shape, aspect ratio, and

geometric arrangement of reinforcements. If the stress concentration effect overcomes the

improvement of adhesion, the composite material can fail at lower external stress, which

leads to lower strength. The energy absorbing mechanisms described above don’t have a

positive effect on the strength of composite materials, thus, composite materials can show

higher toughness with lower strength.

In the case of nanocomposite systems, the size of reinforcements is a lot smaller

and the total surface area would increase. This is especially true for clay or graphite

nanocomposite systems where exfoliation phenomena are involved. Theoretically the
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stress should be transferred to the reinforcements more efficiently because of the

increased surface area, if there are good interactions between matrix and reinforcements.

Also, crack path length at the interface becomes longer, which leads to improved strength

and toughness.

As shown in section 1.1.3, the average dispersion distance becomes shorter when

the size of fillers decreases. The stress at the reinforcement edges could be reduced by the

presence of other reinforcements located nearby. The factors to control this stress

condition are the distance between reinforcements as well as the orientation of the

adjacent reinforcements. If these reinforcements are positioned in parallel, the stress at

the edges is transferred to each other and the stress concentration will be reduced. On the

other hand, if two reinforcements are located in an edge-to—edge position, the stress at the

edges could be increased and cause cracks at a lower stress. Thus, orientation of the

reinforcements affects the strength and toughness of the composite.

As the number of the reinforcements increases, the edge area increases where

high stress accumulates and initiates cracks. In the case of a short fiber reinforced system,

the mechanical properties of the composite increased until the size of the fiber reached a

certain point. Beyond the point, the strength and toughness decreased [145]. Also, the

stress accumulated at the edges increases when the aspect ratio of the reinforcements

increases. In the case of nanocomposites, both edge area and aspect ratio are very large.

Thus, it is especially important to improve the adhesion at the edge area to improve the

overall mechanical properties of the systems.
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1.7.4. Electrical Conductivity

In the 1940’s, Flory and Srockmayer investigated the theory of the gelation

process of polymers through chemical bond formation between nearest neighbor

molecules [148, 149, 150]. Once the system reached the gelation point, a network of

chemical bonds would spread throughout the system. They developed a theory that now

is called “Bethe lattice model” (or Cayley tree), which is one of the basic models used to

explain critical phenomena. In the 19505, Broadbent and Hammersley introduced the

term “percolation theory” and tried to investigate it more mathematically, using

geometrical and probabilistic concepts. Since then, many researchers reported many

models and calculations to explain this critical phenomena. These theoretical approaches

revealed that only a few models (1-dimensional model, 2-dimensional honeycomb model,

2-dimensional triangular model, and Bethe lattice model) have exact solutions, which are

the general solutions for models with infinite size. But researchers could successfully

simulate other models and found plausible solutions for theoretical investigation. Table

1.14 summarized both site and bond percolation [Appendix 23] thresholds for various

lattices [151].

Table 1.14 Theoretical Percolation Thresholds for Various Models

 

 

 

 

 

 

 

 

 

 

    

Dimensionality Lattice Site Percolation Bond Percolation

1D 1.0 1.0

2D Honeycomb 0.6962 0.6527

2D Square 0.5927 0.5000

2D Triangular 0.5000 0.3473

3D Diamond 0.43 0.388

3D Simple Cubic 0.31 16 0.2488

3D BCC 0.246 0.1 803

3D FCC 0.198 0.1 19

Infinite Bethe 1 1

(Z: # of bonds) 2:7 2:7
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Through many theoretical calculations and simulations, researchers found that quantities

of interest go to zero or infinity by simple power laws in various critical phenomena [151,

152]. In the case of composites with conductive and insulating phases, the effective

conductivity or resistivity can be written as;

0.7, =Uo(p—p.)' forP>Pc (1-16)

p.” =po(p-P.)" f0rP>pc (1-17)

where cm and p611 are the effective conductivity and resitivity of the composite, 06 and p0

are the conductivity and resistivity of the conductive phase, p is the volume fraction of

the conductive phase, pc is the percolation threshold, and t is the conductivity exponent.

Equation (1-16) and (1-17) can be rewritten as;

 

0'

log[ Offl]=t-log[p—p(.] forp>pC (1-18)

0

 

log[pefl]=—tolog[p—pc] forp>pC (1-19)

p
0

Thus, t can be experimentally available by least-square linear fit of log[O'eff/ 0'0] vs log[p-

pc] or log[peff/ p0] vs log[p-pc] data. The parameters are Pc, t, and 0'0,

All the simulation and calculation results reported so far strongly suggest that the

critical exponent, t , depends only on dimensionality, not on the individual lattice model.

Also it is reported that the critical exponent shows virtually the same value for both site

and bond percolations. This is called the “universality” of percolation theory and also

holds for thermal phase transition. Table 1.15. summarizes theoretical exponent values. It

should be recognized that each simulation uses different lattice size and gives somewhat

different values.
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Table 1.15. Theoretical Critical Exponent Values

 

 

 

 

 

 

[153] [154] [155]

Reference 153 1 54 155

2Dmodel t=1.1-1.25 t=l.l t=1.3

3D model I: 1.70-1.75 t: 1.6 t= 2.0

Bethe Model t = 3 t = 3.0    
 

Several research groups have reported experimentally obtained conductivity critical

exponents that showed good agreement with theoretical values for 3D models [156, 157,

158, 159, 160], while others have showed critical exponents greater than 2.0 [160, 161,

162, 163, 164]. Table 1.16 and 1.17 summarize these results.

Table 1.16. Experimental Results of Universal Critical Exponents Values.

 

 

 

 

 

 

       

Reference [156] [157] [158] [159] [160]

Filler Carbon Carbon Carbon Carbon Silver

Black Black Black Black coated glass

spheres

Matrix PP Thermoset Paraffin Teflon Teflon

Polymer Wax

Process Compression Casting Casting Compression Compression

molding molding molding

Percolation Pc=6.2 _ Pc=0.76 Pc=29 Pc=1 7

threshold Wt% V01% V01% V01%

Critical t=1.928 t=1.94 =2.05 t=1 .85 t=2.0

exponent 10.094 10.06 :0. 15 10.25 10.2 
 

Table 1.17. Experimental Results of Nonuniversal Critical Exponents Values.

 

 

 

 

 

 

Reference [161] [160] [162] [163] [164]

Filler Carbon Glass Short Carbon Graphite Carbon

Black spheres Fiber Flakes Black

Matrix HDPE Indium Epoxy Styrene

Process Compression Compression Casting Casting

molding molding

Percolation Pc=l7 Pc=4.1-9.1 Pc=l .6 Vol% Pc=2 Pc=l7

threshold V01% V01% V01% th%

Critical t=2.9 t=3. l t=3.0 t=3.5 t=2.8

exponent $0.1 10.3 10.3 10.3 29:02       
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The discrepancy between experimental data and theoretical universal value for 3D

models is explained by the fact that many conductive fillers form agglomerates, enabling

them to interact with many neighbors with long-range interactions. If each particle (or

agglomerate) interacts with many particles, one should consider an average value of the

interactions to calculate a property of the system [161]. This is called mean-field

environment. In the case of agglomerates, the “arms” of aggregates get entangled,

making a distribution of the interparticle tunneling distances much narrower than that of

the spherical 3D models [164]. Using mean-field theory, a critical dimensionality of a

system which shows t=3 was determined as 6 [154].
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1.7.5. Dielectric Properties

To investigate electrical behaviors of dielectric materials, various circuit models are used

to represent those materials. In a gaseous phase under a low-pressure condition,

molecules can rotate freely. Thus, resonance spectrums show sharp peaks at specific

frequencies that correspond to quantized conditions. In this case a LRC circuit that

represents the free resonator molecule [Appendix A25] is used to investigate the

dielectric properties of the materials [166]. On the other hand, in the case of condensed

phases, which include solids, liquids, and gases at high pressures, the molecules cannot

rotate freely because of steric hindrance. Also thermal agitation disorders the quantized

orientations of electrons. As a result, the resonance spectrums show broadened peaks and

detailed information is lost. In this case, the peaks represent the average electronic and

vibrational state of condensed molecules, not individual ones. An RC circuit is used to

represent these materials [Appendix A25, 166]. Thus, the electrical behavior of a

dielectric solid material can be represented by a model in which a capacitor and an RC

circuit are connected in parallel. It is inevitably necessary to use sinusoidal signals when

handling the calculations of AC circuit properties. Using trigonometric functions is

straightforward, but it becomes very complex and often unmanageable when the AC

circuit has multiple components. Instead, using complex exponential functions makes

these calculations easier [Appendix A24].

The fundamental property of dielectric material is the permittivity in complex form.

Usually complex relative permittivity is used to describe properties of dielectrics.

e, * = 8, '-ie " (1-20)
I’
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The real part of complex relative permittivity, 81’, is called the dielectric constant. This

factor is related to the polarizability of the material. A material with a high dielectric

constant has lots of dipole moments including permanent dipoles due to polar functional

groups. The imaginary part, 8,”, is called the (dielectric) loss factor, which is related to

the energy loss (heat dissipation) in the circuit. Also the loss tangent is defined as:

g H

tan6= ’, (1-21)

8
r

 

where 5 is the phase difference between input voltage and output current and can be

determined experimentally. Materials with large tan5 can absorb energy and dissipate it

as heat more efficiently.

The real part of the impedance, Z’, and phase, 5, can be obtained experimentally.

Then the imaginary part of the impedance is calculated. By using these data, the dielectric

constant, er’, and the dielectric loss factor, 8,”, can be determined by using the relations

below. [Appendix A26]

" Zl ‘ Z"

8, = 2 2 and 8, = 2 2

wC0(Z' +Z" ) 0C0(Z' +Z" )
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1.8. Summary of Introduction

As shown in this literature review, some of the clay-polymer nanocomposites

achieved significant improvements in mechanical, thermal, and barrier properties. These

results have not been seen in conventional short fiber reinforced polymer systems, but

because of its inherent lack of good electrical and thermal properties set some limits in

their applications.

Single crystal graphite has superior mechanical properties as well as other useful

properties with very reasonable cost. Theoretical consideration implies the possibility of

excellent composites in many aspects by incorporating this material in polymer matrices,

which could be used a wide variety of applications. Yet there are problems to overcome

to achieve the composites with such high performances.

First would be the lack of efficient exfoliation techniques to process graphite

flakes into nano-scale layers. Thermal expansion produces graphite platelets with a

thickness of 20 to 100nm and an aspect ratio of few hundreds to thousands. This material

itself is considered as an excellent reinforcement, yet the fact that about 100 layers of

graphene sheets are still stacking suggests room for further improvements. This could be

achieved by chemical and/or physical methods by considering appropriate conditions

such as the size of starting graphite material.

Second would be the lack of systematic knowledge about surface and interface

design. It is important to notice that edge and/or surface areas of exfoliated nanoplatelets

could be much larger than the other carbon/graphite materials including carbon fibers,

whiskers, and nanotubes if the same amount of materials are compared. As depicted in

theoretical considerations of composite mechanical properties, this fact could lead to
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either good or bad results. Thus, surface and interface design should play a very

important role in exfoliated graphite nanocomposite systems. Detailed investigations on

surface treatments, characterizations, and their effect on the mechanical properties of

resulted composites are required.

Third would be the total design of composite systems with well-balanced

characteristics. Composites with good mechanical, electrical, and thermal properties with

ease of processability, many freedoms of design, and adequate cost sound like ideal

materials that engineers are looking for, yet the good balance is tough to achieve. The

theoretical and previous experimental results suggest the graphite nanocomposites could

have realistic possibility to achieve such high performance material within cost

limitations. Total characteristics of the fabricated composites need to be examined and

assessed.

The focus of this research is on the intercalation and exfoliation of graphite

materials as well as fabrication and analysis of the properties of exfoliated graphite

reinforced composites. The objectives of this research project are:

1. Investigate processes to achieve exfoliated nano-scale graphite platelets.

2. Investigate appropriate surface treatments and surface characteristics of

graphite nanoreinforcement to achieve good dispersion and adhesion in

polymer matrices.

3. Achieve nanocomposites with superior mechanical, thermal and electrical

properties to expand the possibility of applications in which these materials

may be used.
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2. 1. Introduction

Graphite is one of the strongest and stiffest materials found in nature. Recent

discovery of new nano—size graphite materials, such as fullerene and carbon nanotubes,

are attracting attention because of their superior mechanical, electrical, thermal and other

properties. [1, 2] These materials are expected to be used in many applications such as

advanced composites for high strength structural materials, high conductive materials for

EMI shielding and fuel cell parts, anode materials for batteries, and hydrogen fuel

storage. One main drawback of these nano-size graphite materials is their high cost. The

cost of nanotubes is in the $50-500/g ($22,700-227,000/1b) range, depending on the

structure and purity of the material. It is obvious that this material is still too expensive

for many commercial applications.

Crystalline graphite has excellent mechanical, electrical, and thermal properties.

Many crystalline graphite materials are available including natural and synthetic forms.

These materials are more abundant and more economical than graphite whiskers and

VGCF. Pure crystalline graphite has similar or better properties than these materials [3].

Carbon nanotubes have better properties than these crystalline graphite materials, yet the

costs of nanotubes are far beyond the level for commercial applications. [4] If nanosize

crystalline graphite flakes can be produced at a reasonable cost, the material can be used

in many commercial applications because of its excellent mechanical, thermal, and

electrical properties.

Graphite has been known as a host material for many chemicals, including metal

halides, metal oxides, and mineral acids. The exfoliation phenomena of the graphite

intercalated compounds (GIC) have been investigated for a long time. Aylsworth filed
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two patents related to expanded graphite and its usage in molding application in the

1910’s. [5, 6] The claims include (1) the process of intercalating acids into graphite, (2)

heat expansion of the intercalated graphite to make “fluffy graphite”, and (3)

compounding expanded graphite in resins, typically phenolic resins. Since then, many

researches have been investigating the exfoliation of GICs [7, 8, 9, 10, 11]. Chung wrote

a review about the exfoliation phenomena of GICs [12].

There are several methods to expand GICs The most commonly used technique is the

rapid heating in a furnace. This is widely used in the commercial stage. Other methods

can include infrared, laser, microwave, and electric current. Among these, microwave

systems are available in many sizes and power levels, yet very little has been investigated

about microwave exfoliation of GICs. In this research, natural crystalline graphite-based

acid intercalated graphite compounds were exfoliated by heating or a microwave

processes. The effects of temperature, microwave power, and the size of graphite flakes

on degree of expansion were examined by XRD. Also the surface chemistry of the

exfoliated graphite samples was investigated by XPS. It revealed that the microwave

process could give a better degree of expansion and a cleaner surface at lower cost. These

expanded graphite samples were pulverized and milled into sub-micron graphite flakes.

SEM and TEM images showed that the average size of graphite became 0.86um and the

thickness of around 10 nm. The cost of this new nano-size graphite material was

estimated to be around $5/lb. With its superior mechanical, electrical, thermal properties

and cost effectiveness, this material could be used in variety of applications such as

nanocomposites, secondary batteries, and fuel cells.
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2.2. Experiment

2.2.1. Graphite Materials

The graphite samples used in this research were Graphite Intercalate Compounds

(GICs), which were acid intercalated natural crystalline graphite flakes offered from

UCAR Inc. The acid components consist of sulfuric and nitric acid. Nitric acid acts as an

oxidizer while sulfuric acid acts as an intercalant. The acid intercalated graphite exhibits

multiple stages, ranging from stage 1 to 5. The stage number indicates the number of

graphene sheets between adjacent intercalated galleries. Upon heating, the intercalated

acids become vapor and force layers apart, causing exfoliation of graphite layers. The

sample grades used in this research are GrafguardTM l60-50A, 160-50B, and 160-50N.

Here “160” refers to the onset temperature at which intercalated acid begins to be

released and exfoliation of the graphite occurs. “50” indicates the average size of the

flakes is 50 mesh, which is 300 um. A, B, and N show the conditions of the sample

surface, which are acidic, basic, and neutral.

2.2.2. Measurements

' Thermogravimetric Analysis (TGA)

A Cahn TG System 121 analyzer was used for thermogravimetric analysis. 10 to

20mg of GICs were heated up to 800°C at the rate of 10°C/min. The weight loss was

monitored and the acid intercalate content was determined.

' X—Ray Diffraction (XRD)

A Rigaku rotaflex 200B diffractometer was used for XRD analysis. The X-ray

source was Cu-Koc with a curved graphite monochromator. The operational setting was
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45kV and 100mA. The diffraction patterns were collected from 1° to 60° (20) at a

scanning rate of 3°/min.

Since graphite materials have a layered structure, they show characteristic peaks in

their XRD patterns. Among these, the peak from d002 is the highest and most distinctive

one, appearing at 20 = 26.5° or 0.335 nm. The height of the d002 peak is a measure of

how many layers are stacking together to form graphite flakes. Thus, the degree of

exfoliation was investigated by measuring the d002 peak height after the exfoliation

process.

I X-Ray Photoelectroscopy (XPS) or Electron Spectroscopy for Chemical Analysis

(ESCA)

X-ray photoelectron spectra were obtained from a Physical Electronics PHI 5400

ESCA system. A non-monochromatic Mg source (with a K0112 wavelength at 1253.6 eV)

was used with a take-off angle of 45 degrees. Data was collected by a multi-channel

detector with an Omni VI lens assembly. The instrument was operated with a pass

energy of 93.90 eV for survey scans and 29.35 eV for regional scans. All peaks were

referenced to adventitious carbon at 284.6 eV. Semi quantitative atomic concentrations

were calculated using pre-determined sensitivity factors. XPS samples were prepared by

applying the graphite directly to double sided copper tape on a stainless steel stub.

XPS analysis was used to investigate the acid remaining on the surface of exfoliated

graphite. The sulfur and nitrogen content of graphite suggest the existence of sulfuric and

nitric acid, since pure natural crystalline graphite has no or very little amount of these

atoms on its surface.
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I Environmental Scanning Electron Microscopy (ESEM)

ElectroScan 2020 environmental SEM (ESEMTM) outfitted with a LaB6 filament

was used for SEM analysis. GSED detector with a 1.0 mm bore was used. Working

condition of electron-beam energy was 20 kV, a working distance was 10 mm, and a

chamber pressure was 3 Torr. SEM images of expanded and exfoliated graphite were

taken to investigate the physical structure, morphology, and size of the graphite flakes.

The diameter of a few hundred flakes was measured and a size distribution curve was

established.

' Transmission Electron Microscope (TEM)

Hitachi H—8100 TEM or JEOL 2010F with 200 kV electron-beam energy

microscope was used to investigate the nanoscale structure of the exfoliated graphite

samples.

' BET Surface Area Measurement

Micromeritics TRISTAR 3000 was used to analyze the surface areas of

reinforcement materials. Each sample was outgassed at 250°C under 0.1 torr for 12 hours

prior to the measurement, except the as-received graphite sample. Since this sample has

acid intercalates which can evaporate at 160°C, it was dried at 150°C. BET surface areas

were determined from the region between P/Po of 0 to 0.2. Eight data points were

collected for each sample and an average value was calculated. Error margins for the

measurements were determined by using standard samples with similar surface areas.
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2.3. Results and Discussion

2.3.1. Expansion of Graphite Flakes by Heating

Figure 2.1 is a TGA data that shows the expansion condition of l60-50A. It

revealed that initial expansion occurs around 160°C, but most of it occurs in the range of

250 to 350 °C. The amount of acid intercalated in 160-50A was determined at around 21

wt%. l60-50N showed almost the same tendency in TGA curves but has less acid

intercalates, around 16wt%. 160-50B showed a slightly different degradation curve,

showing two steps in the weight loss curve. This sample has base on its surface that

could affect this result. The acid content of 160—SOB is around 12wt%. During the

expansion process, a graphite flake expands 100 to 1000 times in c-axis direction and

makes a worm-like shape with flakes attached together [Figure 2.2]. This sample was

defined as expanded graphite. Since l60-50A has the largest amount of acid and shows

the highest degree of expansion, this research mainly used 160-50A as the starting

material.

Two factors affect the degree of expansion: temperature and the size of the graphite

flakes. To investigate the effect of temperature, 4g of 160-50A was exfoliated at 300,

400, 500, 600, 700, 800, 900, and 1000°C for 3 min. Figure 2.3 shows the image of the

expanded graphite samples after the treatment. This image reveals that the degree of

expansion increased as temperature increased up to 600°C, then it reached a plateau

beyond that temperature. Thus, it is concluded that the temperature of 600°C or higher is

required to achieve maximum degree of expansion. This also agrees with literature

citations indicate that temperatures above 800°C were used to expand acid intercalated

graphite flakes in their research [13, 14, 15, 16, 17].
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To investigate the effect of size, l60-50A flakes were sieved into different sizes,

less than 25um, 25 to 75um, 75 to 106nm, 106 to 180um, 180 to 300nm, 300 to 500 um,

and over 500 um. 0.1 g of each sample was dispersed in a crucible and expanded at 900

°C for 5 min at the same time in the same furnace. Figure 2.4 shows the image of

expanded graphite after the heat treatment. The larger the sample size is, the larger the

degree of expansion is. This is because the vaporized intercalate escapes from the edge

region, rather than pushes the layers apart, when the size of the flake is small. Also TGA

data revealed that the smaller graphite has less acid intercalates, which should lead less

expansion (Figure 2.5). Judging from these experiments, it is concluded that graphite

flakes of 75 um or larger size show good expansion, and those of 180 um or larger show

the maximum expansion.
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Figure 2.5. The Effect of Size on the Amount of Acid Intercalate Content

 



2.3.2. Expansion of Graphite Flakes by Microwave

The physical principle of dielectric heating, which includes microwave and radio

frequency heating, is based on the transformation of electromagnetic field energy into

thermal energy in polar materials. Dipoles of polar materials change their direction by

following the direction of the electromagnetic field, causing friction between molecules

and transform the applied microwave energy into thermal energy. Microwave process has

many advantages over conventional heating such as less energy consumption, faster

process, homogeneous and simultaneous heating throughout the whole sample, and

higher process capacity. Because of these advantages, the microwave process also offers

a considerable cost reduction.

Graphite material is highly conductive and has many pi electrons, which can move

throughout the sample when a voltage is applied. Also these electrons can move in the

direction of the electromagnetic field when it is applied. This causes vigorous vibration of

electrons, leading to the rapid heating of graphite materials. The temperature could reach

few hundred degrees Celsius within a few seconds. Thus, the microwave process can

provide an alternative method to expand graphite-intercalated compounds.

Figure 2.6 shows the effect of size of graphite flakes on the expansion by

microwave processing. 0.1 g of sieved graphite samples were put in sample vials and

microwaved at 900 W for 5 seconds. The frequency of the microwave was 2.45 GHz. It

showed that the larger the size, the better the expansion. By comparing the heating

process, Figure 2.4, and the microwave process, Figure 2.6, it was shown that

microwave process could give the same or better degree of expansion for graphite flakes.
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2.3.3. Comparisons of Conventional Heating and Microwave Process

2.3.3.1. Degree of Expansion

Since graphite flakes have layered structures, they show distinctive peaks in XRD

patterns. These XRD data can be used to examine the degree of expansion of GICs. The

peak of d002 plane of the as-received 160-50A samples appears as a large sharp peak

(Figure 2.7) while those of expanded graphite samples became a lot smaller, suggesting

that most of the layered structures were destroyed because of the expansion. (Figure2.8,

Figure 2.9) However, acid intercalated graphite has multiple stage structures from 1 to 5,

which means the acid components intercalate in every 1, 2, 3, 4, or 5 layers of graphite. It

is impossible to exfoliate all the graphite material into single layers. The peak height of

the expanded graphite depends on the process condition. Figure 2.10 shows the peak

height of d002 planes of expanded graphite samples treated under various conditions. It

revealed that overall microwave treatment showed a better degree of expansion than

conventional heating process, including heating at the temperature of 600°C to 800°C,

which is commonly used in the commercial expansion processes.

Also BET surface areas of heat or microwave treated samples were measured to

estimate the degree of expansion. Figure 2.11 shows the results. The surface areas of

microwave exfoliated graphite samples were more than 4 times larger than those of the

heat exfoliated samples. This result also supports that the microwave process can give a

better degree of expansion. Using surface area determined by BET measurements and the

average diameter from ESEM images, the thickness and aspect ratio of each sample was

calculated. The assumptions used in this calculation were 1) each flake has an octagonal

shape, 2) the thickness is constant, and 3) the density of graphite is 2.0 g/cm3. The results
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(A) XRD of Expanded Graphite by Heating
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(B) XRD of Expanded Graphite by Heating
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Figure 2.10. d002 Peak Height for Expanded Graphite Treated by Heating (A) or

Microwave (B) under various conditions.
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Figure 2.11. Surface Area of Graphite Samples determined by BET measurement

Table 2.1. Thickness and Aspect Ratio of Graphite Samples Calculated from

BET Surface Area Data

Diameter
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are shown in Table 2.1. The thickness of the as-received graphite was estimated around 5

um. The thickness of the Heat Milled Graphite (heat-exfoliated and milled graphite) was

estimated around 50 to 100 run while that of the MW Milled Graphite (microwave-

exfoliated and milled graphite) was determined about 9 to llnm. These results are well

matched to the thickness observed in ESEM and TEM images. (Figure 2.12, 2.13, 2.14)

Judging from these results, it is concluded that micrOwave process can offer a much

better degree of expansion than conventional heating process does at a lower energy

consumption and cost.

2.3.3.2. Cleanness of Surface

Although the expansion occurs within a second, there could be some acid components

left on graphite surfaces even after treatments, which could cause problems when the

expanded graphite materials are used in further applications. To investigate the surface

condition of expanded graphite, XPS (X-Ray Photoelectron Microscopy) data were

collected and analyzed. Figure 2.15 shows the sulfur/carbon and nitrogen/carbon ratio of

the expanded graphite. Sulfur content suggests the existence of sulfuric acid while

nitrogen implies nitric acid. At 600°C treatment, the sulfur and nitrogen components were

detected even after 10 minutes of treatment. At 800°C, these components were almost

removed from the sample after 5 minutes of treatment. At 1000°C, it required about 2

minutes to remove these components. Figure 2.16 shows the XPS results of expanded

graphite by microwave treatment. In this case, the sulfur and nitrogen component were

removed after 2 minutes treatment at 910W and 1300W. This implies that the microwave

treatment also has advantage over conventional heating process in terms of removal of

the residual intercalates.
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Figure 2.12. ESEM Images of As-received Graphite Sample

Scale Bar = 100 um (Left), 200 um (Right)

 

Figure 2.13. TEM Image of Heat-exfoliated Graphite Sample

Scale Bar = 100 nm (Left, Right)
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Figure 2.14. TEM Images of Microwave-exfoliated Graphite Sample

Scale Bar = 5 nm (Left, Right)
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Figure 2.15. Acid Components on The Surface of Expanded Graphite under Various

Conditions. Heating Process at 600°C (A), 800°C (B), and 1000 °C (C).
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Figure 2.16. Acid Components on the Surface of Expanded Graphite under Various

Conditions. Microwave Process at 780W (A), 910W (B), and 1300W(C).
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2.3.4. Grinding Process for Expanded Graphite

The worm-like graphite samples can be pulverized into small flakes by ultrasonic

waves, mechanical grinding, or other methods. Figure 2.17 shows an ESEM image and

Figure 2.18 shows the size distribution of the graphite particles after pulverization by

sonication. 20 g of the expanded graphite sample was dispersed in 2 liters of acetone and

pulverized by the 20 kHz ultrasonic wave at 100W for 2 hours. The average size of this

sample was 14.25 um.

These samples can be ground into smaller flakes by ball milling, planetary milling,

or vibratory milling. Figure 2.19 shows the ESEM images of graphite flakes after 72

hours of vibratory ball milling. The slurry was made around 12 to 15 wt% of graphite in

2-propanol. Figure 2.20 shows the size distribution of the sample. The average size

became 0.86 um.

2.4. Conclusions

The microwave and heat exfoliation processes of GICs were investigated and

compared. It revealed that the microwave process could give a better degree of expansion

and a cleaner surface at a lower cost. These expanded graphite samples were pulverized

and milled into sub-micron size graphite flakes. SEM, TEM and AFM images showed

that the average size of graphite became 0.86um and the thickness becamelO nm. The

cost of this new nano-size graphite material was estimated around $5/lb. [CHAPTER 6]

Because of its superior mechanical, electrical, thermal properties and cost effectiveness,

this material is expected to be used in a variety of applications such as nanocomposites,

secondary batteries, and fuel cells.
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Figure 2.17. ESEM image of Graphite Fakes after Exfoliation and Pulverization

(Scale Bar = 100um)
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Figure 2.18. Size Distribution of Graphite Particle after Exfoliation and Pulverization

by Sonication, Average Size = 14.25 um (Standard Deviation = 7.53 um)
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Figure 2.19. ESEM image of Graphite Fakes after Ball Milling

(Scale Bar = Sum)
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Figure 2.20. Size Distribution of Graphite Particle after Ball Milling (72 hr)

Average Size = 0.86 um (Standard Deviation = 0.73 um)
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CHAPTER 3.

SURFACE TREATMENT OF EXFOLIATED GRAPHITE
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3.1 . Introduction

To understand the bonding between reinforcements and matrix, it is necessary to

know the type, the quantity, and the reactivity of the functional groups on the

reinforcements. The type of the functional groups required on the reinforcements depends

on the chemical structure of the interphase. Epoxies can undergo both acid-catalyzed and

base-catalyzed reactions. Thus, acidic groups such as carboxyl group and basic group

such as amine groups can react and make covalent bonds. Therefore, it is necessary to

introduce these functional groups on the surface of reinforcement to enhance the

chemical bonding between reinforcements and epoxy matrix.

3.2. Experiment

3.2.1. Graphite Samples

Four different exfoliated graphite samples were investigated. The details of these

samples are listed in Table 3.1.

Table 3.1. The Exfoliated Graphite Samples

 

 

 

 

 

 

Exfoliation Pulverization Average Average Surface

Process Process Diameter Thickness Area

(um) (um) (mz/g)

Heat-exfoliated Heat Sonication 1 5 97 10.5

Graphite (900°C)

Heat-exfoliated and Heat Sonication + 1.] 48 24

milled graphite (900°C) vibratory mill

Microwave- Microwave Sonication 1 5 10 105

exfoliated Graphite (1300 W)

Microwave- Microwave Sonication + 0.86 1 l 94

exfoliated and milled (1300 W) vibratory mill

Graphite      
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3.2.2. Surface Treatments

According to the XPS data of exfoliated graphite samples, these materials have very

few functional groups on their surface, implying poor interaction with polymer matrices.

To improve the surface condition of exfoliated graphite samples, various surface

treatments were applied and the surface condition was investigated by XPS. The

treatments used were liquid oxidization by sulfuric acid, plasma treatment under oxygen,

heating under ozone atmosphere, UV treatment under ozone atmosphere, and grafting

amine grafting, and acrylamide polymerization.

0 02 Plasma Treatment

Graphite nanoplatelets were dispersed on an aluminum foil and covered by a

stainless steel mesh. Then the sample was treated by 02 plasma at RF level of 50%

(275W). After the first treatment, the sample was re-dispersed on the foil and applied

another plasma treatment. This process was repeated more than 3 times. The total

treatment time was 1 minute.

' Nitric Acid Treatment

Graphite nanoplatelet sample was dispersed in 69 % (weight) of nitric acid and heated at 115

°C for 5 hours. The sample was then washed by distilled water and dried in a vacuum oven.

0 Ozone/Heat Treatment

Graphite nanoplatelets were dispersed in a petri dish then placed in an oven which was filled

with ozone . (Concentration: 2000 ppm) Then the samples were heated at 80°C for 20 min.

During the time the sample was re-dispersed several times so that the all the graphite flakes were

exposed to the ozone environment.

- UV/Ozone Treatment
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Graphite nanoplatelets were packed in a quartz tube (ID: 22 mm, OD: 25 mm, Transparent to

UV light down to a wave length of 150 nm). The tube was filled with ozone (Concentration:

2000 ppm, Flow rate: 4.7 L/min) and rotated at 3 rpm. Then the samples were exposed to UV

light for 5min.

o Amine Grafting

Graphite nanoplatelets were treated by 02 plasma to introduce the carboxyl groups. Then the

sample was dispersed in tetraethylenepentamine (TEPA) and heated at 190°C for 5 hours to graft

TEPA by forming the amide linkages. The sample was washed with distilled water and methanol,

then dried in a vacuum oven. [1, 2]

0 Acrylamide Grafting

Graphite nanoplatelets were treated by 02 plasma to introduce peroxide groups, which can

initiate radical polymerization. Then the sample was dispersed in 1M acrylamide/benzene

solution and heated at 80°C for 5 hours to graft and polymerize acrylamide. The sample was

washed with acetone and dried in a vacuum oven. [3]

3.2.3. X-Ray Photoelectroscopy (XPS)

X-ray photoelectron spectra were obtained from a Physical Electronics PHI 5400

ESCA system. A non-monochromatic Mg source (with a Km; wavelength at 1253.6 eV)

was used with a take-off angle of 45 degrees. Data was collected by a multi-channel

detector with an Omni VI lens assembly. The instrument was operated with a pass

energy of 93.90 eV for survey scans and 29.35 eV for regional scans. All peaks were

referenced to adventitious carbon at 284.6 eV. Semi quantitative atomic concentrations

were calculated using pre-deterrnined sensitivity factors. XPS samples were prepared by

applying the graphite directly to double side copper tape on a stainless steel stub.
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A non-linear least square curve fitting routine was used to interpret the carbon,

nitrogen, and oxygen peaks into functional groups, which exist on graphite samples. First,

preliminary fitting for 015 curves was made and the ratio of two types of oxygen was

determined. Then the carbon Cls and le curve fittings were made to separate these

curves into several functional group categories [Table 3.2]. An asymmetric Gaussian-

Lorentzian mixed band shape proposed by Sherwood et al. [4, 5] was used to fit the

curves. Because of the graphitic nature of the graphite materials, an exponential tail

feature was found necessary for Cls 284.4ev curve. These curve-fitting routines have

been developed based on extensive XPS work in our laboratory and the model proposed

by Sherwood et al. [5, 6, 7]. The combination of 013, N15, and Cls curve fittings were

used to determine the types and amount of functional groups, which existed on the

reinforcements.

Table 3.2. Asymmetric Gaussian Lorentzian curve fit model

 

 

 

 

 

 

 

 
 

 

Ols Cls le

Binding Functional Binding Functional Binding Functional

Energy Grow Energy Group Energy Groups

~532 ev -C-O-C- 284.4 ev Graphitic < 400ev -NH2

-C= -NH—

-CO-NH2 284.6 ev -C-NH2 -CO-NH2

-CO-NH- -C-NH- 402 ev -CO-NH-

-CO-OH 286 ev -C-O-C-

—C-O-H

287.8 ev -C=O

~533ev -C-O-H 288.4 ev -CO-NH- >405ev Oxidized

-CO-OH -CONH2 amine

-N02 289 ev -COOH

-COOR

290.5 ev -CO3+

TE—Tt’l‘      
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3.3. Results and Discussion

3.3.1. Surface Chemistry of Graphite Samples with No Surface Treatments

Surface chemistry of exfoliated graphite samples was investigated with XPS. Five to

seven data points were collected and the average values were calculated. When a sample

contained contaminates such as Zr, Si,, and Al, the oxygen content of the sample was

recalculated assuming these contaminates were ZrOz, $02, and A1015. Based on these

data, the ratio of oxygen/carbon (O/C), nitrogen/carbon (N/C), and sulfur/carbon (S/C)

were calculated. The first two indicate the presence of functional groups which contain

oxygen or nitrogen. The S/C ratio indicates the existence of sulfuric acid, which was

intercalated into the as-received graphite flakes.

Table 3.3 shows the XPS data while Figure 3.1 shows the O/C, N/C, and S/C ratios.

These data revealed that the diameter affects the functionality of graphite flakes while

thickness does not. Calculations show that the edge area ’of flake materials increases

significantly when the diameter becomes small, while it is affected very little by

thickness of the flakes, (Figure 3.2) which supports these XPS results. Thus, it is

concluded that the graphite flakes with smaller diameter could have more functional

groups than those with larger diameters. Also the results revealed that these materials

have no nitrogen or sulfur.

Curve fitting analysis of XPS data showed the functional groups, which exist on the

surface of these samples. Figure 3.3 shows the results. It revealed that the graphite flakes

with smaller diameters have more hydroxyl and ether groups than those with larger

diameters do, but the amount of carboxyl group was almost the same for all of these

graphite flakes.
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Table 3.3. XPS Data of Exfoliated Graphite Samples with no Surface Treatment

 

0" is the adjusted oxygen value

 

 
 

 

 

   

 

   
Heat-exfoliated Heat and Milled MW-exfoliated MW and Milled

Gr. Gr. Gr. Gr.   
Figure 3.1. Surface Chemistry of The Exfoliated Graphite Samples
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Figure 3.2. Theoretically Calculated Edge Area of The Exfoliated Graphite Samples
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Figure 3.3. Functional Groups of the Exfoliated Graphite Flakes
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3.3.2. The Effect of Various Surface Treatments on Surface Chemistry of Exfoliated

Graphite Flakes

I 02 Plasma Treatment

Table 3.4 summarizes that the XPS data of the 02 plasma treated exfoliated

graphite samples while Figure 3.4 shows the O/C ratio. N/C and S/C ratio were excluded

since no sample showed nitrogen or sulfur content. These data revealed that the O/C ratio

increased in all cases, suggesting functional groups were introduced. Functional group

analysis revealed that the 02 plasma treatment could introduce mainly hydroxyl and

carbonyl groups (Figure 3.5). The hydroxyl groups could improve surface condition.

Table 3.4. XPS Data of Exfoliated Graphite Samples after 02 Plasma Treatment
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O/C Ratio

0.1200

01000 No Treatment

' I lmwj

0.0800 77 7 7   

0.0600
 

0.0400 -- ~

  
Gr. Gr. 

i

l

l

Heat-exfoliated Heat Milled Gr. MW-exfoliated MW Milled Gr.

I
 

Figure 3.4. Surface Chemistry (O/C Ratio) of The Exfoliated

Graphite Samples after 02 Plasma Treatment
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Figure 3.5. Functionality Analysis after 02 Plasma treatment
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o Nitric Acid Treatment

Table 3.5 summarizes the XPS data of nitric acid treated exfoliated graphite

samples while Figure 3.6 shows the O/C ratio. N/C and S/C ratio were excluded since no

sample showed nitrogen or sulfur content. These data revealed that the O/C ratio was not

increased as much as it was in the case of the 02 Plasma treatment. Also functional group

analysis showed little increase in functionality (Figure 3.7). Thus, it is concluded that the

nitric acid treatment was not as effective as 02 plasma treatment.

Table 3.5. XPS Data of Exfoliated Graphite Samples after Nitric Acid Treatment
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Figure 3.6. Surface Chemistry (O/C Ratio) of The Exfoliated

Graphite Samples after Nitric Acid Treatment
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Figure 3.7. Functionality Analysis after Nitric Acid Treatment
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0 Ozone/Heat Treatment

Table 3.6 summarizes the XPS data of the Ozone/Heat treated exfoliated graphite

samples while Figure 3.8 shows the O/C ratio. The N/C and S/C ratio were excluded

since no sample showed nitrogen or sulfur content. These data revealed that the O/C ratio

was not increased after the treatment, suggesting this treatment is not effective for these

graphite materials. Functionality analysis supported this conclusion (Figure 3.9). It is

considered that this treatment is effective for amorphous regions of graphite samples, but

not for exfoliated graphite samples, which have highly crystalline structures.

Table 3.6. XPS Data of Exfoliated Graphite Samples after Ozone/Heat Treatment

 

0* is the adjusted oxygen value
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Figure 3.8. Surface Chemistry (O/C Ratio) of The Exfoliated Graphite

Samples after Ozone/Heat Treatment
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Figure 3.9. Functionality Analysis after Ozone/Heat Treatment
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0 UV/Ozone Treatment

Table 3.7 summarizes the XPS data of the UV/Ozone treated exfoliated graphite

samples while Figure 3.10 shows the O/C ratio. The N/C and S/C ratio was excluded

since no sample showed nitrogen or sulfur content. These data revealed that the O/C ratio

was not increased after the treatment, suggesting this treatment was not effective for these

graphite materials. Functionality analysis showed this process could introduce carboxyl

groups, but not significantly (Figure 3.11). It is considered that this treatment is also

effective for amorphous regions of graphite samples, but not for exfoliated graphite

samples, which have highly crystalline structures.

Table 3.7. XPS Data of Exfoliated Graphite Samples after UV/Ozone Treatment

 

O' is the adjusted oxygen value
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Figure 3.10. Surface Chemistry (O/C Ratio) of The Exfoliated

Graphite Samples after UV/Ozone Treatment
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Figure 3.11. Functionality Analysis after UV/Ozone Treatment
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0 Amine Grafting Treatment

Table 3.8 summarizes the XPS data of the amine grafted exfoliated graphite

samples while Figure 3.12 shows the O/C ratio. Also nitrogen was introduced by this

treatment, so Figure 3.13 shows the N/C ratio of the sample before and after the

treatment. These data revealed the O/C ratio was not increased after the treatment, but

nitrogen were introduced and N/C ratio was increased significantly, suggesting many

functional groups that include nitrogen were attached to the surface of the sample.

Functionality analysis revealed that the primary and secondary amines were the main

functional groups introduced on the graphite surface. Also amide groups were added

(Figure 3.14). These functional groups can react with epoxide and form covalent bonds.

Thus, amine grafting treatment could improve the surface condition of the exfoliated

graphite samples and enhance the mechanical properties of the composites filled with the

reinforcements. TGA measurement showed about 1.56 wt% of organic content was

introduced after the treatment.

Table 3.8. XPS Data of Exfoliated Graphite Samples after Amine Grafting

Treatment

 

C Zr Na Si Al 0* O/C N/C SIC
 

Heat-exfoliated Gr. 94.65 2.89 2.05 0.00 0.00 0.00 0.42 0.00 2.05 0.0217 0.0217 0.0000
 

Heat and Milled Gr. 89.23 6.79 3.33 0.00 0.66 0.00 0.00 0.00 5.48 0.0615 0.0373 0.0000
 

MW-extoiiated Gr. 94.11 2.94 2.72 0.00 0.00 0.00 0.22 0.00 2.50 0.0266 0.0289 0.0000
 

W and Milled Gr.  86.6  5.62  4.61  0.00  0.14  0.00  0.00  0.00 5.34  0.0616  0.0532  0.0000  
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Figure 3.13. Surface Chemistry (N/C Ratio) of The Exfoliated

Graphite Samples after Amine Grafting Treatment
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0 Acrylamide Grafting Treatment

Table 3.9 summarizes the XPS data of acrylamide grafted exfoliated graphite

samples while Figure 3.15 shows the O/C ratio. Also nitrogen was introduced by this

treatment, so Figure 3.16 shows the NIC ratio of the surface of this sample before and

after treatment. These data revealed that both the O/C ratio and N/C ratios were increased

significantly, suggesting many functional groups that include oxygen, nitrogen, or both

were introduced. In fact, acrylamide grafting treatment showed the biggest increase in

both oxygen and nitrogen contents. The functionality analysis revealed that amide groups

were the main functional groups introduced. Also primary and secondary amines were

added (Figure 3.17). These functional groups can form covalent bonds with some

polymers, including epoxies, and improve adhesion between the matrix and

reinforcements. Thus, this treatment could offer very good improvements to the surface

condition of the exfoliated graphite samples and enhance the mechanical properties of

composites filled with the reinforcements. TGA analysis showed about 34 wt% of

organic content was introduced after the treatment.

Table 3.9. XPS Data of Exfoliated Graphite Samples after Acrylamide Grafting

Treatment

 

Zr Na Si Al O* O/C N/C S/C
 

Heat-exfoliated Gr. 78.74 12.95 8.32 0.00 0.00 0.00 0.00 0.00 12.95 0.1645 0.1057 0.0000
 

Heat and Milled Gr. 75.31 14.69 10.01 0.00 0.00 0.00 0.00 0.00 14.69 0.1950 0.1329 0.0000
 

MW-exfoliated Gr. 78.11 14.30 7.60 0.00 0.00 0.00 0.00 0.00 14.30 0.1831 0.0972 0.0000
 

 MW and Milled Gr.  71.41  16.59  11.86  0.00  0.14  0.00  0.00  0.00  16.32  0.2302  0.1701  0.0000
 

118

O” is the adjusted oxygen value

 



 

 

O/C Ratio

0.3000 

]I No Treatment

0.2500 ~——]I Acrylamide Grafting I T 
 

0.2000 '-

0.1500 -

0.1000 ‘ '  

0.0500 ~ ,,    0.0000 -

Heat-exfoliated Heat Milled Gr. MW-exfollated MW Milled Gr.

Gr. Gr.

 

Figure 3.15. Surface Chemistry (O/C Ratio) of The Exfoliated

Graphite Samples after Acrylamide Grafting Treatment
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Figure 3.16. Surface Chemistry (N/C Ratio) of The Exfoliated

Graphite Samples after Acrylamide Grafting Treatment
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3.4. Conclusions

Various surface treatments were applied to the exfoliated graphite samples. Among

these, 02 plasma, amine grafting, and acrylamide grafting treatments showed increased

O/C and/or N/C ratio. Nitric acid, ozone/heat, and UV/ozone treatments did not increase

these atomic contents and were considered to be less effective methods to treat these

samples. Since these samples are highly pure crystalline graphite, it is difficult to

improve functionality by some surface treatments used for conventional carbon fibers.

Curve fitting analysis was completed on the XPS data of the exfoliated graphite

samples before and after various surface treatments. It revealed that 02 plasma treatment

introduced hydroxyl and carbonyl groups, but not ether or carboxyl groups. Amine

grafting treatment introduced primary amine, secondary amine, amide bond, and oxidized

amine groups. Acrylamide grafting introduced a large number of functional groups,

especially amide, primary/secondary amines, and carboxyl groups. Among these

functional groups shown, hydroxyl, carboxyl, primary/secondary amines, and amide

groups have ability to react with epoxy molecules and make covalent bonds, which gives

good interaction between graphite flakes and epoxy matrix.
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4.1. Introduction

Nanocomposites composed of polymer matrices with reinforcements less than 100

nm in size, are being considered for applications such as interior and exterior accessories

for automobiles, structural components for portable electronic devices, and films for food

packaging. [1, 2] While most nanocomposite research has focused on exfoliated clay

platelets, the same nanoreinforcement concept can be applied to another layered material,

graphite, to produce nanoplatelets and nanocomposites [3, 4, 5, 6, 7, 8, 9]. Graphite is the

stiffest material found in nature (Young’s Modulus = 1060 GPa), having a modulus

several times that of clay, but also with excellent electrical and thermal conductivities.

The key to utilizing graphite as a platelet nanoreinforcement is in the ability to exfoliate

this material. Also, if the appropriate surface treatment can be found for the graphite, its

exfoliation and dispersion in a polymer matrix will result in a composite with not only

excellent mechanical properties but electrical properties as well. This will open up many

new structural applications as well as non-structural ones where electromagnetic

shielding and high thermal conductivity are requirements. In addition, the graphite

nanoplatelets are ~500 times less expensive than carbon nanotubes.

In this research, a special thermal treatment was applied to the graphite flakes to

produce exfoliated graphite reinforcements. The composite material was fabricated by

combining the exfoliated graphite flakes with an amine—epoxy resin. X-ray Diffraction

(XRD) and Transmission Electron Microscopy (TEM) were used to assess the degree of

exfoliation of the graphite platelets. The mechanical properties of these composites were

investigated by flexural testing. The glass transition temperature (Tg) of composite

samples was determined by Differential Mechanical Analysis (DMA). The coefficient of
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thermal expansion was examined by Thermal Mechanical Analysis (TMA). The electrical

conductivity was investigated by impedance measurements using the 2-probe method.

Thermal conductivity was measured by using the DSC method. [10, 11]. The dielectric

properties of nanocomposites were also investigated.

4.2. Experiment

4.2.1. Materials

Four exfoliated graphite samples and three commercially available carbon

materials were used as reinforcements. The detailed characterization of the four

exfoliated graphite materials are listed in Table 4.1.

Table 4.1. The Exfoliated Graphite Samples

 

 

 

 

 

 

Average Average Aspect Ratio Surface Density

Diameter, Thickness, , Area (g/cmz)

d (um) t (nm) (m2lg)

Heat-exfoliated 15 97 d/t=153 10.5 2.0

Graphite t/d=0.00654

Heat-exfoliated and 1.1 48 dlt=22.8 24 2.0

milled graphite t/d=0.0439

Microwave- 15 10 d/t=1571 105 2.0

exfoliated Graphite t/d=0.000637

Microwave- 0.86 l l d/t=77.26 94 2.0

exfoliated and milled t/d=0.0129

Graphite       
 

The control carbon materials were 1) PAN based carbon fiber (PANEX 33 MC Milled

Carbon Fibers, Zoltek Co.), 2) Vapor Grown Carbon Fiber or VGCF (PyrografTM HI, PR-l9 PS

grade, Pyrograf Products, Inc.), and 3) nanosize carbon black (KETJENBLACK EC-6OO JD,

Akzo Novel Polymer Chemicals LLC). Table 4.2 summarizes the characterization of these

materials and Figure 4.1 shows the ESEM images of these materials.

125



Table 4.2. The Commercially Available Carbon Materials

 

 

 

 

 

Average Average Aspect Surface Density

Length Diameter Ratio Area (g/cmz)

(um) (um) (mi/g.)

CF 175 7200 24.3 16 1.81

VGCF 50—100 150 333-666 25 2.0

Carbon Black 10-30 1 1400 1.8      
 

 

A: PAN based Carbon Fiber

(Scale bar = 200 um)

B: VGCF

(Scale bar = 200 um)

C: Carbon Black

(Scale bar = 5 um)

Figure 4.1. SEM images of PAN based carbon fiber (A), VGCF (B), and carbon black (C).

4.2.2. Composite Fabrication

Epoxy was used as the matrix material. Diglycidyl ether of bisphenol A (Epon

828) was purchased from the Shell Chemical Co. Jeffamine T403 from Huntsman

Petrochemical was used as the curing agent for this matrix system. The chemical

structures of these materials are shown in Figure 4.2. The stoichimetry of these

chemicals is 100 (DGEBA) to 45 (T403) by weight. The calculated amount of

reinforcements were added to DGEBA and mixed with the aid of an ultrasonic

homogenizer for 5 to 10 minutes. Then stoichiometric amount of Jeffamine T403 were
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added and mixed at room temperature. To avoid voids, thorough outgassing process was

applied before curing. The system was cured at 85°C for 2 hours, followed by post curing

at 150°C for 2 hours. The density of graphite flakes was assumed as 2.0 g/cm3. The

densities of other carbon materials were obtained from manufactures. The density of the

epoxy matrix was measured as 1.159 g/cm3. Using these values, the volume fraction of

carbon materials in composite samples was calculated.

A. Epon 828

crE—cJEo—Q—EZ—Q—O— CWCWO%:_©__::: o—CHZ—CQCHZ

m= 0(88%), 1(10%),2(2%)

Epoxide Equivalent Weight 185- 192

B. Jeffermine T403

(sz—E)CH2CH ((2H3)}—NH2

CH3CH3— —CH2—E)CH2CH (313)}an

Griz-Emmett (:H3)]—NH2

X+Y+Z=5.3

Figure 4.2 Chemical structure of Diglycidyl ether of bisphenol A (A, Epon 828, Shell

Chemical Co.) and Jeffamine T403 (B, Huntsman Petrochemical Co.)

4.2.3. Analysis

I Flexural Test

The flexural test was performed on a UTS testing machine [United Calibration

Corp] at room temperature by following ASTM D790 standard test method. The samples

were made in a standard bar shape and polished carefully so that the thickness of the

samples was constant through out the samples. The final dimension of the bar samples

was 60 x 12.5 x 3 mm. The test was performed at flexural rate of 0.05 inches per minute.
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' Tensile Test

The tensile test was performed on a UTS machine [United Calibration Corp] at

room temperature by following ASTM D638 standard test method. The samples were

made in a standard dog—bone shape and polished carefully so that the dimension was

constant through out the samples. The test was performed at an elongation rate of 0.05

inches per minute.

I Dynamic Mechanical Analysis [DMA]

DMA data for each sample was measured by DMA 2980 [TA Instrummt] using a

single cantilever mode. The size of each sample was about 30 x 12.5 x 1.5 mm. The

temperature range was from 30 to 150°C and the ramp rate was 2°C per minute. The

frequency and amplitude were set to le and 100nm respectively so that the force

applied to the sample was more than 1N, which assures a stable measurement. Since 1 %

error in dimension causes about 3 % error in storage modulus data, each sample was

carefully polished and confirmed that the error margin in dimension was less than 1%.

' Therrnomechanical Analysis (TMA)

The coefficient of thermal expansion (CTE) was measured by TMA 2940 (TA

Instrument). The samples were cut into small pieces, approximately 10 x 5 x 5 mm, and

the dimension change was measured during the heating process. The temperature range

was from 30 to 200 °C and ramp rate was 2°C per minute.

I Resistivity Measurement

The resistivity of composite samples was measured in Impedance Spectroscopy by

applying two—probe method at room temperature. The size of each sample was about 30 x

12.5 x 8.0 mm. Since sample dimension and surface condition greatly affect the data,
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polishing process was applied with extreme care. After polishing, 02 plasma was applied

on the sample to etch polymers on the surface region. After the process, gold coating with

about 20nm thickness was applied. During the process, sidewalls of each sample were

masked so that no conductive connections between the top and bottom planes occured

through gold coatings. Then, copper tape was attached to the top and bottom surfaces of

the sample and connected to the instrument. The resistance of sample was measured in

frequency range of 0.1 to 100,000Hz. Then the data was recalculated to resistivity by

incorporating dimension factors. The resistivity at 0.1Hz was considered as the AC

resistivity since the difference should be very small.

4.3. Results and Discussion

4.3. 1. The Effect of Size of Exfoliated Graphite flakes on Flexural Properties

Composite samples with four different exfoliated graphite flakes were fabricated

and the flexural properties of these composites were investigated. Figure 4.3 shows the

XPS data of these exfoliated graphite flakes. The flexural and tensile properties of each

sample were measured and summarized in Figure 4.4 and 4.5. It revealed that flexural

and tensile results showed the same tendency, which is that the composites filled with

smaller graphite flakes showed better strength, implying those have better interactions

with the matrix. These results agree with the fact that smaller graphite flakes have larger

edge area and higher functionalities than larger graphite flakes. The modulus data was not

affected by the size of graphite flakes. In theories, composites filled with fillers with

larger aspect ratio should show higher modulus. But also adhesion condition between
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fillers and matrix affect the efficiency of stress transfer in the matrix system. These

factors may compensate and resulted almost the same modulus values in this case.
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Figure 4.3. Surface Chemistry of The Exfoliated Graphite Samples
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Figure 4.4. The Effect of Size of Graphite Flakes on Flexural Properties

(MW: microwave-exfoliated )
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Figure 4.5. The Effect of Size of Graphite Flakes on Tensile properties

132

 

 



4.3.2. The Effect of Surface Treatments on Flexural Properties

In Chapter 3, various surface treatments were examined and three of them were

considered to be good candidates for improving the surface chemistry of exfoliated

graphite samples, which were 02 plasma, amine grafting and acrylamide grafting. These

three surface treatments were applied to the heat-exfoliated and milled graphite samples

and mixed with epoxy matrix to make composites. Figure 4.6 shows the functionality of

the surface treated graphite samples. The flexural properties of these samples were

measured and summarized in Figure 4.7. It revealed that the acrylamide grafting

improved the properties the most, followed by the amine grafting treatment. 02 plasma

treatment did not improve the mechanical properties. These results suggest chemical

interactions between amine functional groups on graphite and epoxy matrix, physical,

and mechanical interactions between grafted polymers/oligomers and matrix polymer

play roles to enhance the flexural properties of the resulted composite samples.

 

Functionality of Nanographite after Surface Treatments

INo Treatment
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MAmine Grafting

 

-C-O-C- -OH -C=O -COOH -NH, - -CONH-, Oxidized

NH2 -CONH2 amine  
 

Figure 4.6. Surface Chemistry of Exfoliated Graphite after Various Surface

Treatments

133



 

Flexural Strength

 

 

 

  

F
l
e
x
u
r
a
l
S
t
r
e
n
g
t
h
(
M
P
a
)

+02 Plasma

+Amine Grafting
 

30 j -O-Graphite Nanoplatelets

l

7  , +Acrylamide Grafting

60 T l l l l

0 0.5 1 1 .5 2 2.5 3 3.5

Reintrocement Content (Vol%)

    
 

 

 

Flexural Modulus

4000  
3800

u C
)

O O

F
l
e
x
u
r
a
l
M
o
d
u
l
u
s
(
M
P
a
)

w
0
)

o
:

O
N

b

O
O

O

O
O

O

-0-Graphite Nanoplatelets .

+P2 Plasma l

2800 +Amine Grafting

-O-

 

2600

0 0.5 1 1 .5 2 2.5 3 3.5

Reinforcement Content (Vol%)
 

Figure 4.7. The Effect of Surface Treatments on Flexural Properties
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4.3.3. The Comparison of Exfoliated Graphite Flakes and Commercially Available

Carbon Materials

Acrylamide grafted exfoliated graphite sample was compared to the three

commercially available carbon materials in terms of reinforcing effect in the epoxy

matrix. Figure 4.8 shows the XPS data of these carbon materials. Composites reinforced

with the same volume fractions of different reinforcements were fabricated and flexural

and tensile properties were investigated. Figure 4.9 summarizes the flexural properties

while Figure 4.10 shows the tensile properties. It revealed that the acrylamide grafted

graphite nanoflakes showed the best improvement in terms of both flexural strength and

modulus. Also the acryalamide treated graphite showed comparable improvement in

tensile properties over commercially available carbon fiber samples. These results proved

that the acrylamide grafting treatment is a very efficient surface treatment for the

exfoliated graphite samples.

 

 

    

 

 

         

XPS Data of Carbon Matrials

0.2500

E O/C

0.2000 I NC ——~

0.1500 +-

0.1000 «~

0.0500 -,,

0.0000 4 ii» , .

Acrylamide CF VGCF Carbon Black

grafting   
Figure 4.8. Surface Chemistry of Various Carbon Materials
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Figure 4.9. Comparison of Exfoliated Graphite Flakes to Commercially

Available Carbon Materials (1) Flexural Properties
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4.3.4. Dynamic Mechanical Analysis (DMA)

Composite samples with 3 vol% of carbon reinforcements were fabricated and

used to determine Tg of each sample. Figure 4.11 shows Tg data. The Tg was

determined from the inflection point of the storage modulus curves. It shows that Tg was

not affected with the existence of the carbon materials used. This result suggests that

even though there were some chemical interactions between reinforcements and matrix,

the proportion of the chemical interactions was so low that the chemical interaction did

not affect the properties of the epoxy matrix. Also it was considered that physical and

mechanical interactions between matrix and reinforcements based on intercalation did not

OCCUI‘.

 

T9 of Composites

1 00 

 

O85 — w- 7

    
Control Epoxy 3 vol% PAN 3 vol% VGCF 3 vol% Carbon 3 vol%

based CF Black Acrylamide

Grafted

Nanographite  
Figure 4.11. Tg of Composite Samples Filled with Carbon Materials
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4.3.5. Thermomechanical Analysis (TMA)

4.3.5.1. The Effect of Surface Treatments 0n CTE

Composites reinforced with 3 vol% of nanographite flakes with 02 plasma, amine

grafting, or acrylamide grafting treatments were fabricated. Control epoxy samples were

also made. CTE of these samples were measured and the data are summarized in Figure

4.12 (below Tg region) and Figure 4.13 (above Tg region). In the case of CTE below Tg

region, nanographite with better surface treatments showed lower CTE, implying better

dimension stability. Nanographite treated with acrylamide grafting showed about 23%

lower value than the control epoxy. Surface treatments did not affect on the CTE above

Tg region, but each composite sample showed about 7% improvement.

4.3.5.2. Comparison of Various Carbon Materials

Composites reinforced with 3 vol% of various carbon materials were fabricated

and the CTE of these samples were measured. The CTE data are summarized in Figure

4.14 (below Tg region) and Figure 4.15 (above Tg region). In both cases nanographite

treated with acrylamide grafting showed the lowest CTE. Thus, it is concluded that

acrylamide grafted nanographite sample had better interactions with the matrix and was

considered to be a better reinforcement compared to the commercially available carbon

materials used in this research.
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Figure 4.12. CTE (below Tg) of Composite Samples Filled with

Nanographite with different Surface Treatments
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Figure 4.13. CTE of (above Tg) Composite Samples Filled with

Nanographite with different Surface Treatments
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CTE below Tg region of Composites with 3vo|% Reinforcement
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Figure 4.14. CTE (below Tg) of Composite Samples Filled with Various

Carbon Materials

 

 

CTE above Tg region of Composites with 3vo|% Reinforcement

 

 

 

 

 

 

  

 

 

Control Epoxy CF VGCF Carbon Black Acrylamide

Grafted

Nanographite 
 

Figure 4.15. CTE (above Tg) of Composite Samples Filled with Various

Carbon Materials
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4.3.6. Electrical Properties

4.3.6.1. Effect of Graphite Flake Size

Figure 4.16 shows the resistivity data of composites filled with graphite flakes with

different sizes. It revealed that the percolation threshold of composites filled with larger

graphite flakes was much smaller than that of composites with smaller flakes. Two

factors could affect this result. The first one is the aspect ratio. Fillers with higher aspect

ratios can make a conducting path at a lower filler content in a composite system, which

leads lower percolation threshold. Because the larger graphite flakes have much larger

aspect ratio (about 1500) than the smaller graphite flakes (aspect ratio = 78), it is

reasonable that the larger graphite flakes showed a lower percolation threshold. Also

dispersion condition of fillers in the matrix affects the percolation data. Judging from the

surface analysis and mechanical properties data, smaller graphite flakes have better

surface condition and thus, a better dispersion condition in the epoxy matrix.
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Figure 4.16. The Effect of Filler Size on Resistivity of Composites
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4.3.6.2. Effect of Surface Condition of Graphite Flakes

Figure 4.17 shows the resistivity data of composites filled with graphite flakes

with or without acrylamide grafting treatment. It revealed that the percolation threshold

of composites filled with graphite flakes with no surface treatment was much smaller

than that of composites with acrylamide grafted flakes. It is known that the dispersion

condition of fillers in the matrix affect the percolation data significantly. The acrylamide

grafting treatment has proved to be a very good surface treatment. Thus, these flakes are

more likely to be separated into individual fakes rather than being aggregated and make

up agglomerates. In such a condition, it is difficult to make a conductive path through out

the composite system.
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Figure 4.17. The Effect of Surface Condition on Resistivity of Composites
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4.3.6.3 Comparison of Various Carbon Materials

Figure 4.18 shows the resistivity data of composites filled with various carbon

materials. It revealed that the composites filled with exfoliated graphite flakes showed the

same level of the percolation threshold and resistivity of the composites filled with

carbon black or VGCF. These results showed that the exfoliated graphite flakes were as

effective as other commercially available carbon materials as conductive fillers. The cost

of these exfoliated graphite flakes were estimated about $5/lb or less, which was cheaper

than $12/1b carbon black or $40-50/lb VGCF.
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Figure 4.18. Resistivity of Composite Samples Filled with Various Carbon Materials



4.3.6.4 Percolation Theories

According to the percolation theory, the effective resistivity can be written as;

p.,. = p00) — p. )" for p > p. (44)

where pen is the effective resitivity of composite, p0 is the resistivity of conductive phase,

p is the volume fraction of conductive phase, pC is the percolation threshold, and t is the

conductivity exponent. Equation (4-1) can be rewritten as;

 
log|:pvff :l = _t010g[p — p(.] for p > pc (4-2)

p
0

Thus, t can be experimentally available by the least-square linear fit of log[pcff/ p0] vs

log[p-pc] data. The parameters are pc, t, and p0 and this analysis is called the three-

parameter fit analysis. Gaines et al. showed that the change of pc by 0.5% produced

changes in t by 0.5, which could lead to inaccurate data analysis [12, 13]. Therefore, they

recommended determining pc experimentally to eliminate the ambiguity of the

conventional three-parameter fit method.

In the following analysis, the preliminary percolation threshold value was first

determined from the experimentally obtained resistivity data. Then, the least-square

linear fit of log[peff/ p0] vs log[p-pc] data was performed to obtain t by changing p0 and

pc. During the fitting, the change in the pC value was limited up to 0.2% to avoid

inaccurate analysis. Once t, p0 and pc were determined, these values were substituted into

equation (4-1) and a theoretical resistivity curve was made and acompared to the

experimental data.
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Microwave—exfoliated Graphite Flake

Table 4.3 shows the values of the percolation threshold, pc, the resistivity of

conductive phase, p0, and the conductivity exponent, t. Figure 4.19 shows the least-

square linear fit of log[peff/ p0] vs log[p-pc], and Figure 4.20 shows the theoretically and

experimentally obtained resistivity curves.

Table 4.3. Results of Three-parameter Fit Analysis for Microwave Exfoliated

Graphite System 

Reinforcement l pc(Vol°/o) l pc(Wt%) Ipo(ohm*cm t

MWExfoliatedGr.l 1.13 j 1.93 | 0.001 I 3.12

7

7
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Figure 4.19. Three-parameter Fit Analysis for Exfoliated Graphite System
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0 Microwave-exfoliated and Milled Graphite Flake

Table 4.4 shows the values of the percolation threshold, pc, the resistivity of

conductive phase, p0, and the conductivity exponent, t. Figure 4.21 shows the least-

square linear fit of log[peff/ p0] vs log[p-pc], and Figure 4.22 shows the theoretically and

experimentally obtained resistivity curves.

Table 4.4. Results of Three-parameter Fit Analysis for Microwave Exfoliated and

Milled Graphite System

Reinforcement 90 (Vol%) pc (Wt%) po(ohm*cm) t

[Mw and Milled Gr. 4.9 8.17 15 3.24
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Figure 4.21. Three-parameter Fit Analysis for Milled Graphite System

 

 

 

  

 

 

  

  

  
 

 

   

  

Microwaved and Milled Graphite (0.86 um)

1.E+14 ;

g- 1.E+12 .._____ ——_______.- .J__.- 'w—n——~—M w M —— — .-

u _._._....-_._.E.. .. ..._.-........_....._._.v,. -w _...+ .. .--........._....

E 1.E+10 ' .

2. 1.E+08 —-—~~~ --. . . a-"

E 1-E+06 0 Experimental Data ‘T—J‘T“

> . i l
33 1.E+04 ITheoretical Calculation

'fi 1.E+02

F 1.E+00 , , , . .

0.0 2.0 4.0 6.0 8.0 10.0

Volume Fraction of Fillers [Vol%]

 

Figure 4.22. Theoretically and Experimentally Obtained Resistivity

for Microwave Exfoliated and Milled Graphite Composites
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0 Milled Carbon Fiber

Table 4.5 shows the values of the percolation threshold, pc, the resistivity of

conductive phase, p0, and the conductivity exponent, t. Figure 4.23 shows the least—

square linear fit of log[peff/ p0] vs log[p-pc], and Figure 4.24 shows the theoretically and

experimentally obtained resistivity curves.

Table 4.5. Results of Three-parameter Fit Analysis for Milled Carbon Fiber System
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Figure 4.23. Three-parameter Fit Analysis for Milled Carbon Fiber System
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Figure 4.24. Theoretically and Experimentally Obtained Resistivity

for Milled Carbon Fiber Composites
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o VGCF

Table 4.6 shows the values of the percolation threshold, pc, the resistivity of

conductive phase, p0, and the conductivity exponent, t. Figure 4.25 shows the least-

square linear fit of log[peff/ p0] vs log[p-pc], and Figure 4.26 shows the theoretically and

experimentally obtained resistivity curves.

Table 4.6. Results of Three-parameter Fit Analysis for VGCF System

Reinforcement I pc(Vol%) I pc(Wt°/o) lPo ohm*cm) t

VGCF | 109 L87 003 303
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Figure 4.25. Three-parameter Fit Analysis for VGCF System
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Figure 4.26. Theoretically and Experimentally Obtained Resistivity

for VGCF Composites
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0 Carbon Black

Table 4.7 shows the values of the percolation threshold, pc, the resistivity of

conductive phase, p0, and the conductivity exponent, t. Figure 4.27 shows the least-

square linear fit of log[pcff/ p0] vs log[p-pc], and Figure 4.28 shows the theoretically and

experimentally obtained resistivity curves.

Table 4.7. Results of Three-parameter Fit Analysis for Carbon Black System
 

 Reinforcement I pc(Vol%) 1435 (Wt%) lpo ohm*cm) t
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Figure 4.27. Three-parameter Fit Analysis for Carbon Black System
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Figure 4.28. Theoretically and Experimentally Obtained

Resistivity for Carbon Black Composites
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Table 4.8 summarizes the values of the percolation threshold, pc, the resistivity

of conductive phase, p0, and the conductivity exponent, t for all carbon materials

investigated.

Table 4.8. Results of Three-parameter Fit Analysis for Various Carbon Material

 

 

 

 

 

 

based Composites

Reinforcement pc (Vol%) pc QNt°/o) p_0 (ohm*cm) t

MW Exfoliated Gr. 1.13 1.93 0.001 3.12

lMW and Milled Gr. 4.90 8.17 15 3.24

CF 5.90 9.76 0.4 3.26

VGCF 1.09 1.87 0.03 3.03

Carbon Black 1.29 2.00 0.01 3.03       

It revealed that the microwave-exfoliated graphite flakes could percolate around

1.1 vol% (1.9 wt%), which was comparable to the data for commercially available VGCF

and carbon black samples. The conductivity exponent values for all systems were around

3, which were close to the nonuniversal value. This result suggested that these fillers

form agglomerate in epoxy matrix.
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4.3.7. Thermal Conductivity

Thermal conductivity of composites filled with microwave-exfoliated graphite

flakes was measured by using the DSC method. Figure 4.29 shows the results. Also

electrical conductivity data was included as a comparison. Both data are shown in

logarithmic scale. Figure 4.30 shows the relation between thermal and electrical

conductivity. This result suggested that these data had a linear relation, which was

reasonable for solid samples.

Figure 4.31 shows the thermal conductivity of composites filled with various

carbon materials. It revealed that composites filled with exfoliated graphite showed the

highest thermal conductivity.
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Figure 4.29. Thermal and Electrical Conductivity of Composites Filled

with Microwave-exfoliated Graphite Flakes
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Figure 4.30. Relation between Thermal and Electrical Conductivity of

Composites Filled with Microwave-exfoliated Graphite Flakes
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Figure 4.31. Thermal Conductivity of Composites Filled with

Various Carbon Materials
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4.3.8. Dielectric Properties

Dielectric properties of composite samples were calculated from the Impedance

Spectroscopy data. The measurement gives the real and imaginary parts of impedance, Z’

and Z”, over a frequency range of 0.1 to 100,000Hz. The relation between the real and

imaginary parts of impedance and the relative permittivity is shown in Appendix A20.

Figure 4.32 shows the dielectric constants and loss factors of composite samples

filled with various carbon materials. The dielectric constant at a low frequency is a

measure of the amount of permanent polar functional groups. These results implied that

the microwave-exfoliated graphite and carbon black had the highest density of polar

groups. The XPS data (Table 4.9) showed that the carbon fiber sample had the highest

oxygen and nitrogen contents. This is because other factors such as the total surface area

of fillers and the dispersion condition of the fillers in the matrix affected the dielectric

properties of composite systems.

Table 4.9. XPS Data of Various Carbon Materials

 

C O N S Zr Na Si Al 0* O/C N/C S/C
 

W-exfoliated Gr. 96.79 3.21 0.00 0.00 0.00 0.00 0.00 0.00 3.21 0.0332 0.0000 0.0000
 

 

 

             

CF 88.90 9.30 1.60 0.00 0.00 0.25 0.00 0.00 9.30 0.1046 0.0180 0.0000

VGCF 95.07 4.94 0.00 0.00 0.00 0.00 0.00 0.00 4.94 0.0520 0.0000 0.0000

arbon Black 91.70 8.26 0.00 0.00 0.00 0.00 0.00 0.00 8.26 0.0901 0.0000 0.0000  
 

0* is the adjusted oxygen value
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Figure 4.32. Dielectric Properties of Composites Filled with Various

Carbon Materials
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4.4. Conclusions

Newly developed graphite nanoflakes were used as reinforcements in epoxy

matrix. It was revealed that the size of the flakes affected the properties of composites,

since smaller flakes had larger edge area and more functional groups. Several surface

treatments were investigated to improve the surface condition of the graphite and the

acrylamide grafting was found to be very effective to enhance the interaction between the

graphite sample and the epoxy matrix. The acrylamide treated graphite nanoflakes

reinforced composites showed better mechanical properties than those reinforced with

commercially available carbon materials.

The electrical conductivity of composites was also investigated. The results

revealed that the exfoliated graphite sample with a high aspect ratio was an excellent

conductive filler, which showed a comparable or better percolation threshold and

conductivity than conventional fillers. Thermal conductivity data also proved that this

new graphite material was the best filler among the carbon materials investigated.

From these results and predicted low cost ($ 5/lb), this new type of graphite

material has realistic possibility to replace conventional carbon materials or newly

developed nanomaterials. The possible application fields are broad, including automobile,

electrical/electronics, aerospace, and military industries.
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CHAPTER 5

STRESS ANALYSIS OF NANOCOMPOSITES

BY

FINITE ELEMENT METHOD

158



5.1 Introduction

Failure mechanisms of materials can be classified into several categories such as the

yielding of ductile materials, the fracture of brittle materials, fatigue, and buckling. In the

case of short-fiber reinforced polymer composites, the fracture process could be a

combination of multiple mechanisms. If the bonding between matrix and fibers was

perfect, the failure would occur by either the plastic deformation of the matrix or the

breakage of a fiber. In practice, however, most of the composite failures are initiated by

interfacial debonding around reinforcements. SEM observations of the failure process of

a short-fiber reinforced composite revealed that the process included several steps [1, 2].

(l) The initiation of failure by interfacial debonding occurred at the fiber ends

(2) Plastic deformation of matrix around the fibers

(3) Interfacial microcrack propagation along fiber sides

(4) Catastrophic crack propagation throughout the matrix

Thus, it is important to investigate the adhesion condition between fibers and matrix and

stress concentration at the interface and the matrix regions to assess the failure condition.

The adhesion condition between fibers and a polymer matrix can be investigated

experimentally by testing methods such as the fiber pullout test, the microdrop technique,

and the single fiber fragmentation test [3]. But it is difficult to assess the interfacial bond

quality of flake-reinforced composites because of the inconsistency of the dimension of

the flakes. However, the stress distribution at the interface region of these composites can

be simulated by using the finite element method.

To investigate the plastic deformation phenomena, many theories have been

proposed and compared with experimental data. Among these, the von Mises yield
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criterion [4] is most widely used because it can provide the best agreement between

theory and experimental results in many cases. This model assumes that the failure of

ductile material occurs when the energy of distortion reaches the yield energy of the

material. In the case of a material under principal stresses, the criterion is mathematically

expressedas,

1 [ 2 2 2V2

Oyield Zdeff :fib] ‘02) +(02 ‘03) +(03-0'1) (5'1)

where O'eff is the effective stress of the material and 01, 02, and 03 are the stresses in

directions 1, 2, and 3. In the case of plane stress, only Gland 02 exist. So the equation

becomes,

dyiem 2 aefic = (012 Walaz “722% (5-2)

The von Mises stress distribution condition of composite systems can also be simulated

theoretically by using the finite element method.

The presence of an inclusion in a polymer matrix often increases the stress

concentration, which could initiate the cracking and/or plastic failure. The stress field can

be affected by many factors such as the shape of inclusions, the morphology of the

system, a large mismatch in expansion/shrinkage condition, and the adhesion between

matrix and inclusions. To design good composite systems for a specific application, it is

important to understand the effect of these factors on the properties of composite systems.

To evaluate the local stress fields of composite systems, single inclusion models

were investigated first [5, 6]. These models represent the dilute inclusion condition.

When inclusions are closely packed, the stress fields from each inclusion interact each

other, forming very complex stress fields. To solve this problem, a new concept called
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the effective medium approach has been introduced [6, 7, 8]. In this case, theoretical

calculations usually assume that the inclusions are arranged in periodic ways [9, 10, 11,

12, 13]. This approach is useful to predict the effective elastic and thermal constants, but

it cannot handle the local stress fields in composite systems with randomly oriented

inclusions.

In the real composite systems, the dispersion of inclusions is generally disordered.

It is required to investigate the local stress conditions in composite systems to understand

the damage initiation and propagation, since damage mechanisms such as plasticity and

fracture are affected by these local conditions. To investigate the effect of the

arrangement of inclusions on the local stress fields and effective properties, models with

two neighboring inclusions have been used in this basic approach [14, 15, 16].

The objective of this research is to investigate the effect of the shape and

geometric arrangement of inclusions on the local stress condition of nanocomposite

systems by using the finite element analysis method. The factors investigated were (1) the

shape of inclusion, (2) the aspect ratio of inclusion, and (3) the geometric arrangement of

inclusions. Single-inclusion models were used to investigate the first two factors while

two-inclusion models were used to investigate the last one. In the case of two-inclusion

models, the inclusions were not allowed to overlap each other. To focus on these factors,

the perfect bonding condition between inclusions and matrix was assumed and no

residual stress due to the difference in CTE of matrix and inclusions was considered.
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5.2 Finite Element Method

The software used was ANSYS 57. In the simulation, the quadrilateral plane

elements system was used so that each element was defined by eight nodes and each node

has two degrees of freedom in the x- and y— directions. All the simulations were done

under the plane stress condition. By assigning symmetric boundary conditions on the x-

and y- axis, only a quarter of the whole model system was required to be input as a

simulation model. The engineering constants of the matrix and graphite material are

summarized in Table 5.1. [17]

Table 5.1. Engineering Constants of Matrix and Graphite Sample

 

 

 

 

 

 

 

 

   

Matrix Inclusion

Epoxy Graphite

Isotropic Transversely Isotropic

Young’s Modulus (E11 = E22) 2,500 MPa 1060,000 MPa

Young’s Modulus (E33) 36,500 MPa

Poisson’s ratio (vlzzvu) 0.35 0.165

Poisson’s Ratio (v.3=v23) 0.343

Shear Modulus (G; = G21) 440,000 MPa

Shear Modulus (G 13 = G23) 4,500 MPa  
 

5.3 Results and Discussion

5.3.1 The Effect of Edge Angle against Input Stress

5.3.1.1 Model

Four models were used to investigate the effect of the inclusion’s edge angle against

the input stress. Each model had a rhombus shape inclusion with different edge angles

against the input stress. In each case, the engineering constants of reinforcement in

directions 1 and 2 were assigned as those in the X- and Y- directions, and both axes were

assumed as symmetric boundaries. The length of each edge line was fixed at 5. The input
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stress was fixed at 1, and applied in Y-direction on a line which is located the same

distance from the top comer of each rhombus inclusion. Figure 5.1 shows these models.

(A) 30° Model

Y Input Stress

 

  
 

  
 

(B) 45° Model

Y Input Stress
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Figure 5.1. The Models Used to Investigate The Effect of Edge Angle against

Input Stress on The Stress Distribution of Composite Systems
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5.3.1.2. The Effect of The Edge Angle on The Interface Stress Condition

The absolute values of the maximum stresses at the interface (line 1) are

summarized in Figure 5.2. The simulation revealed that the maximum stress in the Y—

direction appeared at corner A (top corner) and showed the highest value when the angle

was the smallest, while that of the X-direction appeared at comer B (side comer) and

showed the highest value when the angle was the largest. The maximum shear stress

appeared at either comer A or B, depending on the other two values, and showed optimal

angle condition. In all models, the stress in the Y—direction showed the highest value

among these three stresses, suggesting the debonding would occur at comer A. If the

adhesion condition was the same for all models, the 30° model would fail at the lowest

input stress. In other words, this geometry produced the lowest strength.
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Figure 5.2. The Effect of Edge Angle on The Maximum Stress at The Interface

(line 1)



5.3.1.3 The Effect of The Edge Angle on The Effective Stress in The Matrix Region

The maximum effective stress in the matrix region in each model was calculated

based on the von Mises model and the values are summarized in Figure 5.3. The

simulation revealed that the maximum effective stress decreased with the increasing edge

angles up to 60°, then increased a little. The maximum effective stress appeared near

comer A (top comer) in 30°-, 45°-, and 60°-models, while that appeared near comer B in

75 ° model. Thus, if the adhesion between filler and matrix was strong enough, yielding

would occur near the comers which initiate the failure of the system. Since the 30° model

shows the highest value under the same input stress condition, this model would yield at

the lowest input stress. This result also suggests that the model with a lower edge angle

would show lower strength as a composite.
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Figure 5.3. The Effect of Edge Angle on The Maximum Effective Stress

in The Matrix Region
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5.3.2 The Effect of Filler Shape

5.3.2.1 Model

Square, circular, hexagonal, and octagonal shaped reinforcements were used as

models. Two different geometric arrangements were investigated in both hexagonal and

octagonal reinforcement models. Figure 5.4 shows the details of these. In each model,

the engineering constants of reinforcement in directions 1 and 2 were also assigned as

those in X— and Y- directions and both the X- and Y- axes were assumed as symmetric

boundaries. The input stress value was fixed at 1 and applied in the Y—direction on a line,

which is located the same distance from the inclusion. All the simulations were done

under the plane stress condition.

5.3.2.2. The Effect of Filler Shape on The Interface Stress Condition

The absolute values of maximum stresses at the interface in each model are

summarized in Figure 5.5. Hexagon Model 1 showed the highest maximum stress in the

Y-direction followed by Hexagon Model 2 and Octagon Model 1, but the difference was

small. Square and Octagon Model 2 had lower values, while Circle Model showed

distinctively smaller value compared to others, implying this was the optimal shape to

minimize stress concentration. The maximum stress in the Y-direction appeared at corner

A in the case of Octagon Model 2, Hexagon Model 1, and the Circle Model, while it

appeared at corner B in the other models. Since the upper edge lines of the latter models

are perpendicular to the input stress, it is reasonable that the maximum stress appeared at

comer B.
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(A) Square Model (B) Octagon Model 1
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Figure 5.4. The Models Used to Investigate The Effect of Shape Difference on

The Stress Distribution of Composite Systems
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In the case of the stress in the X-direction, all models showed almost the same

maximum stress and there was no tendency related to the filler shape. The Square model

showed a higher maximum shear stress, while the Circle Model had a lower value. This

results also suggested that the Circle Model was the best in terms of introducing

minimum stress concentration. Thus, the composite with circular shape reinforcements

would stand higher input stress before it reaches the point where debonding of the

interface begins, which means the material has the highest strength.

5.3.2.3 The Effect of Filler Shape on The Effective Stress in The Matrix Region

The maximum effective stress values in the matrix region in each model were

calculated based on the von Mises criteria and are summarized in Figure 5.6. The

maximum stress appeared at corner A in Hexagon Model 1 and the Circle Model, while it

showed up at comer B in other models. The angles of ”edge lines connected to these

corners are shown in Figure 5.4. The results showed that the maximum effective stress

decreased with decreasing edge angles against the input stress, which showed the same

tendency as in the previous simulation. Also, the Circle Model showed a considerably

smaller maximum effective stress compared to the other models, suggesting that the

Circle Model would be the best in terms of creating the minimum stress concentration in

the matrix region, which implies that this model can stand the highest input stress before

it reaches its yielding point. If the adhesion condition between reinforcements and matrix

was perfect in all models, the Circle Model would show the highest strength.
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Figure 5.5. The Effect of Filler Shape on The Maximum Stress at The Interface
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Figure 5.6. The Effect of Filler Shape on The Maximum Effective Stress

in The Matrix Region
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5.3.3 The Effect of Aspect Ratio

5.3.3.1 Model

Composites with plate reinforcements with different aspect ratios were used as

models. The length of the reinforcements was fixed, but the thickness was changed to

adjust the aspect ratio. The aspect ratios investigated were 200, 100, 50, 20, 10, 5, and 1.

The stress distribution was analyzed under two different input stress conditions, one in

the X- and the other in the Y-direction. In both cases, the stresses were applied on the

lines, which were the same distance from the reinforcement. The input stress value was

fixed at 1 in each case. Figure 5.7 shows the details of these models. In each model, the

engineering constants of reinforcement in direction 3 were assigned as those in the X-

direction and the engineering constants in direction 1 were assigned as those in the Y-

direction. Both the X— and Y-axes were assumed as symmetric boundaries. All the

simulations were done under the plane stress condition.
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Figure 5.7. The Models Used to Investigate The Effect of Filler Aspect Ratio on

The Stress Distribution of Composite Systems
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5.3.3.2. The Effect of Aspect Ratio on The Interface Stress Condition

The absolute values of maximum stresses at the interface under input stresses in

the X- and Y-directions are shown in Figure 5.8. In the case of input stress was applied

in the Y direction, the maximum stress at the interface was increased with increasing

aspect ratios. This result revealed that composites with higher aspect ratio would have

lower strength under such a condition. In the case of input stress was applied in the X-

direction, the maximum stress in the X-direction was decreased with increasing aspect

ratios while that in the Y-direction was increased. These values reversed at the point

where the aspect ratio was around 25. The shear stress on the interface showed the lowest

value when the aspect ratio was around 50. These results suggest that there is an optimal

aspect ratio to minimize stress concentration under this condition. If the fillers are

randomly oriented in a composite, the former mechanism will be the dominant factor

since there should always be some fillers that are aligned parallel to the input stress.

5.3.3.3 The Effect of Filler Shape on The Effective Stress in The Matrix Region

The maximum effective stress values in the matrix region are summarized in

Figure 5.9. The results showed the same tendency that the maximum stress at the

interface did. In the case of input stress was applied in the Y-direction, the effective stress

increased with increasing aspect ratios, while it showed the lowest value when the aspect

ratio was around 20, suggesting there was an optimal aspect ratio to minimize stress

concentration. If the fillers are randomly oriented in a composite, the former mechanism

will be the dominant factor for the same reason discussed above.
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Figure 5.8. The Effect of Aspect Ratio on The Maximum Stress at The Interface
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Figure 5.9. The Effect of Aspect Ratio on The Maximum Effective Stress

in The Matrix Region
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5.3.4 The Effect of Distance between Aligned Fillers

5.3.4.1 Model

Composites with two aligned plate fillers with a fixed aspect ratio of 20 were used

as the models. The distance between two fillers was defined as the multiple of filler

thickness. The stress distribution was analyzed under two different input stress

conditions, one in the X- and the other in the Y-direction. In both cases, the stresses were

applied on the lines, which were the same distance from the reinforcement. The input

stress value was fixed at 1 in each case. Figure 5.10 shows the details of these models. In

each model, the engineering constants of reinforcement in direction 3 were assigned as

those in the X-direction and the constants in direction 1 were assigned as those in the Y-

direction. Both the X- and Y-axes were assumed as symmetric boundaries. All the

simulations were done under the plane stress condition.
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Figure 5.10. The Models Used to Investigate the Effect of Distance between

Aligned Fillers on The Stress Distribution of Composite Systems
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5.3.4.2. The Effect of Distance between Aligned Fillers on The Interface Stress Condition

The maximum stresses at the interface are shown in Figure 5.11. The theoretical

calculations showed that all output stresses increased with decreasing distance between

fillers. Especially in the case of input stress in the Y-direction, the maximum stresses at

interface increased significantly when the distance became smaller. This implied that

stress concentration would be very high if the two fillers were aligned and closely

located. In the case of the input stress was applied in the X-direction, the maximum

stresses showed the same tendency, but the output stress values were not as high as the

former case. These results suggest that the composites would fail at a lower input stress

when the fillers are aligned and closely packed.

5.3.4.3 The Effect of Distance between Aligned lFiIlers on the Effective Stress in The

Matrix Region

The maximum effective stress values in the matrix region are summarized in

Figure 5.12. The results showed the same tendency that maximum stresses at the

interface did. When the input stress was applied in the Y-direction, the effective stress

increased significantly with decreasing distance. In the case of the input stress was

applied in the X—direction, the effective stress values were not as high as the former

condition. These results showed that even if a composite system had perfect bonding

condition between fillers and matrix, the matrix region would reach a yielding point at a

lower input stress when the fillers are aligned and closely packed, showing overall lower

strength. Thus, this type of geometric arrangement is not good in terms of composite

mechanical properties.
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Figure 5.11. The Effect of Distance between Aligned Fillers

on The Maximum Stress at The Interface
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Figure 5.12. The Effect of Distance between Aligned Fillers on The

Maximum Effective Stress in The Matrix Region
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5.3.5 The Effect of Distance between Parallel Fillers

5.3.5.1 Model

Composites with two parallel plate fillers with fixed aspect ratio of 20 were used

as the models. The distance between two fillers was changed. The stress distribution was

analyzed under two different input stress conditions, one in the X- and the other in the Y-

direction. In both cases, the stresses were applied on the lines, which were the same

distance from the reinforcement. The input stress value was fixed at l in each case.

Figure 5.13 shows the details of these models. In each model, the engineering constants

of reinforcement in direction 3 were assigned as those in the X-direction and the

constants in direction 1 were assigned as those in the Y-direction. Both the X- and Y-

axes were assumed as symmetric boundaries. All the simulations were done under the

plane stress condition. Input Stress Y

MJ1++5+++msmm
 

 

(x,10) (X+2, 10) F-F Input

’ Stress

 

Highest

Stress  
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X=l, 2, 4, 6, 8, 12, 16.20

Figure 5.13. The Models Used to Investigate The Effect of Distance between

Parallel Fillers on The Stress Distribution of Composite Systems
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5.3.5.2. The Effect of Distance between Parallel Fillers on The Interface Stress Condition

The maximum stresses at the interface are shown in Figure 5.14. Compared to

the other models, the calculated values showed little change but clear tendency

throughout the condition investigated. Each stress showed the minimum value at some

point, suggesting there was an optimal distance condition for each stress. Although the

optimal point was somewhat different in each case, it appeared at the distance around 5.

These results suggest that the stress can transfer to neighbor fillers when they are located

in parallel position, but stress concentration effect overcome this effect beyond one point.

These factors control the optimal point for stress concentration in a composite with the

filler aligned in parallel.

5.3.5.3 The Effect of Distance between Parallel Fillers on the Effective Stress in The

Matrix Region

The maximum effective stress values in the matrix region are summarized in

Figure 5.15. These data showed the effect of distance more clearly. Both data showed the

minimum stress at a distance around 6 to 8, showing the optimal condition for stress

concentration in the matrix region. This result also supports the discussion that the stress

can transfer from one filler to another, decreasing stress concentration. Thus, the strength

of a composite can be improved if the geometrical arrangement of fillers is controlled

such that the system shows the optimal stress transfer condition.
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Figure 5.14. The Effect of Distance between Parallel Fillers

on The Maximum Stress at The Interface
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5.4 Conclusions

The stress concentration condition of the composite systems was investigated by the

finite element method. The factors investigated were the filler shape, aspect ratio, and the

geometrical arrangement of fillers. The models were made so that the effect of the input

stress was equal.

1. Material Shape Factor

- Corners with sharp angles introduced higher stress concentration.

0 Circular or round shape edges reduced the stress concentration effect.

The fillers with sharp comers showed higher stress concentration at/around a

comer, while fillers with a round shape showed much less stress concentration effect.

Thus, the fillers with circular, elipsoidal, or other round shapes considered to be better

reinforcements in terms of minimizing the stress concentration.

2. Aspect Ratio Factor

0 Fillers with higher aspect ratio introduced higher stress concentration.

The filler aspect ratio also affects the stress concentration. Fillers with a higher

aspect ratio introduced a higher stress concentration, making the composite fail at a lower

input stress. This is especially important in nanocomposite systems, since

nanoreinforcements often have very high aspect ratios.

3. Filler Arrangement Factor

0 A very high stress concentration was introduced when fillers were aligned and

located close to each other.

0 Stress concentration could be reduced when fillers were located in parallel at an

optimal distance.
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If fillers were aligned, the stress concentration could be very high when fillers

were located close to each other at high volume fraction, while the stress concentration

effect plateau out when fillers were separated with enough distance. However, if fillers

were located in parallel position, there was an optimal separation condition to minimize

the stress concentration since stress could transfer from one filler to another.

If the fillers were randomly oriented, these should maintain enough distance from

each other to avoid high stress concentration. In this case, the material cannot show

percolation. To make the material conductive without sacrificing strength, it is necessary

to arrange fillers in close distance in parallel positions so that they do not introduce a high

stress concentration. The simulations revealed that there was an optimal distance for

parallel-filler systems, which appeared to be around 2 to 4 times of the thickness of the

fillers. Thus, to maintain the distance below the limit that tunneling phenomena occurs

(about 10 nm at room temperature), the thickness of the) fillers should be 5 nm or less.

From these results, optimal nanocomposite morphology is proposed in Figure 5.16,

.4

which could show good mechanical and electrical properties at the same time.

p
 

 

Maintain enough distance

Optimal distance for stress transfer

Close enough for tunneling (10nm)

.4

Figure 5.16. The Optimal Morphology for Graphite Nanocomposite Systems
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6.1. Executive Summary

A new nano-size graphite flakes and its fabrication process has been established and

a provisional patent has been applied by Michigan State University. This material can be

commercially produced and sold at competitive price and there is a realistic possibility to

make a successful venture business based on this technology.

The product of this technology is conductive nano-sizc graphite flakes, which can

be molded into various resins to form parts and/or enclosures for Electrical and

Electronics Industry (E/E Industry) and Automobile Industry.

The applications include:

A. Electrical & Electronics

0 Enclosures for Cellular Phones, PDAs, and other Portable Electronics Products

0 Disk Drive Housings

0 Connectors

0 Power Cable Shield

B. Automobile

0 Mirror Housings, Door Panels

0 Front Grilles, Spoilers, Air Dams

0 Radiator Parts, Fans, Air Conditioner Parts,

0 Air Inlet Parts

0 Fuel Filters

The innovative carbon nanocomposite technology developed at MSU promises to add

value to the electrical/electronics enclosure and automobile parts by providing cost
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effective alternatives to conventional and/or emerging conductive resins with maintaining

good mechanical properties, heat dissipation, and surface quality.

The lead users of this technology are polymer producers and compounders. Polymer

producers are seeking to expand the markets for their specific polymers or at least

improve the performance and/or cost profile within their specific polymer type.

Compounders view nanocomposite technology as another differentiated product that is

not easily produced by all compounders, and are looking to carve out an early market

lead. Throughout a survey, many resin producers and compounders have shown their

interest in this new technology.

In the electrical/electronics enclosure market, the market potential for conductive

resins is estimated to be 65 million pounds in 2003 and 78 million pounds by 2009. Since

the versatility and cost advantage of the new technology, it has the potential to displace

many of the materials currently being used. Electricallyconductive plastics are used in

the automobile industry, where electrostatic painting methods have been adopted in

response to regulations limiting emissions of volatile organic compounds (VOCs). The

conductive resin market in automobile industry is predicted to be 38 million pounds in

2004, rising to 140 million pounds in 2009.

The most important attributes for customers have been determined through a

marketing survey. The results showed the ranking as:

(1) Cost

(2) Processability

(3) Better EMI Shielding

(4) Light Weight
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(5) Toughness

In EMI shielding applications, the proposed technology has the best cost

performance compared to other technologies while also maintaining top level properties

in processability, EMI shielding ability, and light weight categories. Thus the technology

is highly competitive in terms of customer benefits.

The current plan outlines the strategy to set up a plant and provide nanoflakes for

resin producers/compounder and/or provide special grade conductive resins to final

product manufacturers by toll manufacturing. The team estimates that it would need $1.6

million dollars as the initial investment to cover the machine cost and 4 months of

operating cost.
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6.2 Product

6.2.1. Purpose of The Product

The product of this technology is conductive nano-size graphite flakes, which can

be molded into various resins to form parts and/or enclosures for;

0 Electrical and Electronics Industry (E/E Industry)

0 Automobile Industry

The graphite nanoflakes can give resins electrical and thermal conductivity that can

provide advanced properties/applications such as;

o Electrostatic Dissipation

o Electrostatic Painting

0 Electromagnetic Interference (EMI) Shielding

0 Heat Management System

Due to the small size of the graphite flakes, they can be incorporated into various

commercially available polymers and molded by widely used processing methods

including injection molding, resin transfer molding, and sheet molding.

    

   

Power

Cable

Shield
   

Figure 6.1. Applications for The Proposed Technology
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6.2.2. Stage of Development and Proprietary Rights

Process parameters and product specifications have been determined. Michigan State

University has filed a provisional patent regarding this technology. The primary inventor

is Professor Lawrence T. Drzal (Director, Composite Materials and Structures Center,

Michigan State University. drzal@egr.msu.edu) and a co-inventor is Hiroyuki Fukushima

(Research Assistant, Composite Materials and Structures Center, Michigan State

University. fukushi3@msu.edu).

6.3.3. Product Limitations

Since metals have inherently superior conductivity to graphite, the proposed

technology is not suitable for applications, which need very high attenuation of EMI such

as military TEMPEST requirement and special aerospace applications. Since cost is not

the fist priority in these applications, more complex, expensive, and/or labor-intensive

methods are used.

No governmental approvals are required to use this product in commercial

applications.

6.2.4. Product Liability

Graphite is basically not toxic to human body. But small flakes may cause

inhalation of dust generated during processing and handling. Denna], ocular, and oral

contact must be avoided. High concentrations of graphite dusts may be imitating to the

eyes, mucous membranes, and respiratory tract. Since graphite dusts are electrically

conductive, accumulations of dust may cause shorting of electrical circuit. The dust
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should not be emitted to the atmosphere where they may settle on and cause shorting of

outside electrical equipment. To avoid these problems, local exhaust ventilation should

be provided in the places where these graphite nanoflakes are processed/handled.

Once these nanoflakes are compounded into resins, there is no further problem.

Thus, final users should not have any problem regarding with this technology. And there

are no governmental regulations, which limit the use of this material. Also graphite

nanoflakes have no environmental concern, since these materials exist in nature. But the

resins, in which the graphite nanoflakes are compounded, may have. It totally depends

on the property of the resin.

6.2.5. Related Products and Spin-offs

0 Power Cable Shield

0 Fuel Cell Parts & Hydrogen Storage

0 ESD interior and Heat Dissipation Parts for Aircraft

0 ESD interior and Heat Dissipation Parts for Military Equipment
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6.3. Market Analysis

6.3.1. Market Size

Figure 6.2 shows the predicted market potential for three categories, which are:

0 Electronics enclosures

0 Electronics Inside Parts

0 Automobile Exteriors
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Figure 6.2. Predicted Conductive Resin Market Size

6.3.2. Growth Potential

In the automobile exterior market, only minor quantity of conductive resins was

used in 1999. However, considerable growth is expected in the next 5 to IO-year period,

averaging 30% a year. The main driving force of this growth is strict federal and/or local

governmental regulations that limit the VOCs emissions. These regulations force

automobile manufactures adopt environmentally friendly electrostatic painting process,

which requires conductive plastic parts.
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On the other hand, the growth rates for electronics enclosure and inside parts

markets are expected to be relatively constant. Two forces are at play, the growth in

demand for electronic equipment and the ever-shrinking size of the equipment itself.

Shrinking dimensions and/or weight dampen the growth in resin consumption. Overall,

the growth rate of conductive resin consumption in computer/business market is

predicted as 4%.

6.3.3. Market Trend

A. Electrical/Electronics Market

(1) Final Products

0 Thinwalling

o EMI Shielding

0 Flame Retardance Property

0 Short Product Life Cycle

Since smaller and lighter products with better performance are introduced every

year, three major technologicaI attributes are becoming more and more important in this

market, which are thinwalling, EMI shielding, and flame retardance property. Other

trends include short product life cycles and dropping retail prices. Because of these

trends, resin producers and compounders have to change/adjust their products’

specifications frequently. Thus, many combinations of resins and fillers are used and

many competitors exist in this market.

The purpose of the proposed technology is to offer EMI shielding property for

computer/business equipment enclosures while catching up the thinwalling requirement
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by providing good processability and surface quality by using conductive nano-size

fillers.

(2) EMI Shielding Technology

- Shift from Sheet Metals to Plastics (Light weight, Design Flexibility)

- Popularity of Direct Thermal Evaporation and Conductive Resin is increasing

mainly because of environmental concern.

Numerous EMI shielding techniques have been developed to date. These techniques

are categorized into three, sheet metal, plastics with coating/plating, and conductive

plastics. Among these, most widely used techniques are conductive paints and electroless

painting. Table 6.] summarizes the advantages and disadvantages of widely used

Technologies as well as and newly emerging conductive plastic technologies.
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B. Automobile market

0 Electrostatic Painting (Environmentally friendly process)

0 Body-matched Colors for Exterior Plastic Parts

0 More and More Electrically Controlled Devices are used in Under the Hood

Applications (Demand for More EMI shielding without adding heavy weight)

Every year, plastic resins are replacing metals in automobile parts applications and

this trend is expected to be maintained for the future. The main advantages of plastic

usage in automobile parts include lightweight and design flexibility.

Because of increasing environmental concerns, both federal and local governments

are setting more and more strict regulations, which limit the maximum total VOCs that

can be emitted from a factory. To increase productivity, automobile manufacturers have

to adopt painting processes with low VOCs emission. To overcome this problem, people

have been using conductive primer (coating) on plastic parts prior to the painting process.

But overall cost was increased because of the additional step. Recently some companies

reported that conductive nanocomposites, could offer enough conductivity for

electrostatic painting while maintaining enough mechanical properties and surface

quality. At this point, the prices of those fillers are too expensive to be used in many

applications. But once affordable nano-size fillers are available, they should be widely

accepted in these applications. Electrostatic painting is eco-compliant and conductive

resins can carry Eco-labels.

Also automobile buyers’ preference for body-matched color for exterior plastic

parts promotes the shift from conventional spraying to electrostatic painting.
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Manufactures can assemble the conductive plastic parts on metal bodies and apply one-

step painting using the same paints for metal bodies and plastic parts.

6.3.4. Competition Profile - Conductive Plastics

Table 6.2 directly compares MSU’s conductive filler technology with the other

technologies. It shows the MSU technology has apparent cost advantage in EMI shielding

applications while maintaining good processability, lightweight, strength, and surface

quality. Thus, this technology is considered to be very competitive in EMI shielding

applications and can replace some of the existing conductive plastics in the market today.

In electrical/electronics market, shorter product life cycle forced resin producers to

adjust or change the specifications of their products frequently. Thus, many competitors

exist and variety of resin/filler combinations are used. On the other hand, the automobile

application is dominated by GE plastics’ Noryl GTX (PPE/PA/NGCF). The advantages

of this material include low percolation threshold, good mechanical properties, good

surface quality, and good processability. The main disadvantage is cost, since the price of

VGCF is still high ($30-$40/lb). This technology is categorized as nanotechnology

VGCF in Table 6.2 (second column from right). The proposed technology has the same

level of percolation threshold, mechanical properties, surface quality and processability,

while total cost would be lower. Thus this technology has realistic possibility to replace

VGCF in this market and in fact GE plastics showed strong interest in our technology

during the research.
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6.3.5. Customer Profile

The supply-chain in this business includes filler producers, resin producers,

compounders/molders, and final product manufactures. Since resin producers and

molders are the real conductive resin manufactures, the report is focused on these two

categolies.

A. Resin Producers

The major players in this market are the resin producers themselves. They posses

the expertise and carry the responsibility of providing resin to molders that meet strict

shrinkage, warping, surface quality, and processability requirements. The resins must also

meet the impact strength, stiffness, flexural strength, and cost requirements of the

enclosure manufacturers. Some resin producers are selling their own grades of conductive

resins. These resin producers are buyers of conductive fillers, decision makers of the

specifications of the products, and influencers in the market.

Table 6.3. Resin Producers for E/E Industry in North America

Co Contact

BASF Plastics www. ' I84 2 .h

Ba on

Chevron 'on

Dow Chemicals ' /www w wi

GE Plastics www. las ics. m/ in

'a-Gulf, Inc. www

NOVA Chemicals www

Ox in Is www 
Among these, BASF plastics, Bayer Inc., Dow Chemicals and GE Plastics are the

main resin producers for both automobile and electrical/electronics industries. Especially,

Dow and GE Plastics are investing huge money on conductive resin research and these

companies are most likely interested in our new technology.
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B. Compounders

Some of the compounders are selling conductive plastics with various combinations

of resins and fillers. They have their own R & D divisions and seeking new technologies

in the area. Table 6.4 shows the compounders who make conductive resins in North

America. These companies often provide custom grade products according to their

customer needs. They are buyers of conductive fillers and decision makers who decide

which fillers to use.

Table 6.4. Compounders for E/E Industry in North America

 

Company Contact

Albis Corporation www.albisna.com

A. Schulman Inc. http://www.aschu1man.com/marketsasg‘Pmarket id=2

DSM. Engineering http://www.dsmep.com/america/products/groduct porfolio/elect

Plastic Products ra_grades.asp

 

 

 
 

 

Ferro Corporation http://www.ferro.com/our-I$roducts/

LNP Engineering httg/lwwwlnp.com/LNPSite.nsf

 

 

 

 

    

Plastics

RTP Corporation hmx/lwww.rtpcomganv.com/products/conductive/index.htm

Ticona http://www.ticona-us.com/MktApps/ITOver.cfm

Thermofil
 

Among these, DSM Engineering Plastic Products and Ticona showed interests in

our new conductive fillers.
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6.3.6. Customer Benefits

A. Survey

To investigate the most important attributes for customers, a marketing survey has

been conducted. A questionnaire has been sent to resin producers and compounders listed

in Table 6.3 and 6.4. The objectives of this survey were:

0 Identify Current Technologies and their problems.

0 Investigate the interest level in our technology and possibility of introducing our

fillers into their products.

0 Quantify benefits/attributes.

B. Survey Results

GE Plastics, NOVA Chemicals, and DSM Engineering have replied the survey.

Also DOW Chemicals and Ticona responded. Among these GE Plastics, DOW

Chemicals and DSM Engineering showed strong interest in MSU technology. NOVA

Chemicals and Ticona showed moderate interest at this point.

Basically these companies are using many filler/resin combinations. Some said they

choose carbon blacks for economy and carbon fibers for mechanical properties. But none

of the conventional conductive plastics shows well-balanced combination of cost,

toughness, EMI shielding ability, and surface quality. A plastic that is cost effective as

metal, but with good processability, toughness, and low percolation threshold (better EMI

shielding) would be what these people want to see. Nanocomposite technology could

provide a valid answer for this demand.

Figure 6.4 shows the quantitative data of attributes by accumulating the survey

results.
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Results of Survey

 

P
o
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t
s

 

    
Figure 6.3. Quantification of Attributes for Conductive Resins

Thus, the important attributes for conductive resins are ranked as:

(1) Cost

(2) Processability

(3) Better EMI Shielding

(4) Light Weight

(5) Toughness

C. Value Proposition

Table 6.5 summarized the competition profile of MSU technology against other

conductive plastics in these five attributes. The MSU technology has the best-cost

performance as EMI shielding material while maintaining good processability, lower

percolation threshold (wt% filler for EMI) and lightweight.
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6.3.7. Target markets

A. Electrical & Electronics

0 Enclosures for Cellular Phones, PDAs, and other Portable Electronics Products

0 Disk Drive Housings

0 Connectors

0 Power Cable Shield

B. Automobile

0 Mirror Housings, Door panels

0 Front Grilles, Spoilers, Air Dams

0 Radiator parts, fans, Air conditioner parts,

0 Air inlet parts

0 Fuel Filters

6.3.8. Market Penetration

Since target customers are well identified, the products will be sold directly to these

customers.
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6.4. Price and Profitability

6.4.1. Predicted Production Volume

Table 6.6 shows the predicted nanoflakes production based on the market size

shown in Figure 1 and target market share. Since competition in electronics enclosure

market is considered tough, the market share in this category is estimated at relatively

low. On the other hand, the market shares in the automobile market and E/E inside parts

categories are predicted high, since there are less competitions exist. Actually GE

plastics’ Noryl GTX now dominates these markets, but the proposed technology has

apparent cost advantages over this and GE is strongly interested in our technology

because of this cost advantage. Thus, it is possible to replace some or all of the fillers

now used in Noryl GTX with the proposed graphite nanoflakes.

6.4.2. Pricing, Sales, and Net Operating Income (Gross Margin)

Price of product is determined by mathematical priCing strategy, which is based on

the cost of production. Table 6.7. shows the predicted variable costs, which include

materials, labor and other variable costs. Table 8 shows the fixed costs.

Based on the costs and predicted production volume, the pricing and the sales are

estimated as follows. The net operating income (gross margin) is calculated from these

estimates. These values are summarized in Table 6.9.

6.4.3. Breakeven Point Analysis

The breakeven point in terms of both sales and production volume was calculated

based on contribution margin ratio in Table 6.7. The results are shown in Table 6.10.
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6.4.4. Start-up Costs and Additional Investment

The start-up cost is estimated from required machine cost for the first two years and

the operating cost for the first four months, which includes variable costs and rent. The

additional investment is based on the machine cost, which is required to expand the

production in each of the following years. These are summarized in Table 6.11.

6.4.5. Horizon Analysis

The horizon value for this business (technology) in the year 2010 is estimated in 6

different cases. The assumptions for the calculations include:

0 The NPV (Net Present Value) of investment is calculated by assuming

people can get 6%/year interest when they invest the money on bonds and/or

other methods.

0 The growth rate after year 2010 is assumed to be perpetual. The rate is

fixed at 10, 8, 6, 4, 2, and 0 % in each case. i

0 Discount rate is fixed at 12%.

Table 6-12 summarized the pro forma financial projection until 2009 and Table 2-

13 shows the horizon analysis in each case.
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6.5. Business Model

6.5.1. Commercial Validation

This research revealed a realistic commercialization possibility of the “Electrically

and Thermally Conductive Carbon Nanocomposites” developed at Michigan State

University. The potential customers and markets are identified. These companies are very

important for this technology to be accepted in real business world. Noe the next step for

this business should be commercial validation. The graphite nanoflake samples would be

sent to the potential customers (resin producers and compounders) and evaluated.

6.5.2. Commercialization Strategy

Once commercial validation goes well and some of the potential customers are

interested in the technology, next step will be applying utility patents to protect all the

proprietary rights. More detailed IP strategy is written in the next section.

After proprietary rights are protected, the initial investment capital will be raised

and the business will start as a filler producer. The products will be sold to resin

producers and compounders.

6.5.3. IP Strategy

Although a provisional patent has been filed, it DOES NOT provide any legal

protection and “Patent Pending” is only a warning to competitors implying an utility

patent may be files at any time with claims covered by the provisional patent. A utility

patent, which covers all the necessary claims, must be filed within 1 year from the

provisional patent filing date to protect this technology.
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Additional patents may be required to expand the possibility of this technology,

especially in terms of product patents including fuel cell and other battery applications.

Also filing foreign patents may also be required in the future since this technology is

versatile and could be used various industries worldwide. In this case the foreign patents

must be filed within 1 year from the date when the utility patent is filed.

6.5.4. Mid Term Business Strategy

To expand the business opportunity of this technology, further research effort

should be focused on investigating various polymer systems and establish our own

conductive plastic grade, which can be sold to the final product manufactures. This

requires more marketing and R & D efforts, but certainly helps to expand the market

share of the technology.

The key polymer systems for this technology are:

l. E/E Industry - GE Plastics, Dow Chemical, BASF, Bayer

0 ABS (Acrylonitrile-Butadiene-Styrene rubber)

- ABS/PC (Polycarbonate)

0 HIPS, SAN (Styrene-Acrylonirile copolymer)

0 PVC (Polyvinyl chloride)

2. Automobile Industry — GE Plastics, DuPont, Dow Chemical, BASF

o PPE/Nylon (Polyphenylether/Nylon)

- TPEs (Thermoplastic Elastomers), Polyurethane

0 Nylons
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0 PET, PBT (Polyethylene terephthalate, Polybutylene

terephthalate)

3. Power Cable - DOW Chemical

0 PE (Polyethylene)

4. Aerospace

o Polyimide

Once the specification of these composites are determined, these samples can be provided

to the final product manufactures in electrical/electronics, automobile, medical, and

aerospace, industries to expand the business.

6.5.5. Long Term Business Strategy

Investigating other markets such as fuel cell, lithium battery, and space/defense

markets could provide attractive opportunities. Among these, fuel cell technology seems

to be most attractive. It takes further research effort to confirm the validation of this

technology in fuel cell application. This should be considered as a long-term business

plan.

6.6.6. Exit Strategy

Once the business is established and achieves sustainable growth, it will be sold to

other company. Filler producers and/or resin producers will most likely acquire this

business to enhance their market share and presence in the conductive resin market.
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6.6. Award

The venture business plan based on this new technology won “The Most Innovative

Design” award at 2002 Michigan Collegi te Entrepreneur’s Conference.
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Natural crystalline graphite has excellent mechanical, electrical, and thermal

properties while the cost is very low. This material could be used in many applications if

an appropriate process was established. Recent development of clay nanocomposite

systems gave motivations to developed graphite nanocomposites to design new advanced

nanocomposite systems, which can be used in a variety of applications, yet this field has

not been investigated in depth. The objectives of this research were:

0 Investigate processes to achieve exfoliated nano-scale graphite platelets.

0 Investigate appropriate surface treatments and surface characteristics of graphite

nanoreinforcement to achieve good dispersion and adhesion in polymer matrices.

o Achieve nanocomposites with superior mechanical, thermal and electrical properties

to expand the possibility of applications in which these materials may be used.

CONCLUSIONS

(1) New process to fabricate nanosize graphite flakes

A new process to fabricate new nanosize graphite material has been developed.

This research revealed the size of the graphite flakes was about 10nm in thickness. The

diameter of the nanoflakes can be controlled, down to less than lum. The surface area of

the material was around 100 mzlg. These materials can be used as reinforcements in

polymer matrices as well as other advanced applications. A provisional patent has been

filed about this new process and material.
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(2) Appropriate Surface Treatment

An appropriate surface treatment for the materials was investigated and

acrylamide grafting treatment was proved to be effective to enhance the adhesion

between graphite nanoreinforcement and epoxy matrix.

(3) Properties of Graphite Nanocomposites

The surface treated graphite reinforced composites showed better mechanical

properties than those reinforced with commercially available carbon materials. The new

graphite nanoflakes was also proved as excellent conductive filler. The composite

systems with this new material showed comparable or better conductivity properties than

those with conventional CF, VGCF, or carbon black. Overall, this new material has been

proved to be an excellent reinforcement for epoxy composite systems.

(4) Optimal Nanocomposite Design

Theoretical simulations showed various factors affect the stress condition of the

nanocomposite systems. The results suggested that a composite with fillers in parallel

arrangement at an optimal distance could give the best performance in terms of

mechanical properties. If the adjacent fillers are packed close enough, the tunneling

phenomena occur and the total system would be conductive. Thus, a nanocomposite with

good mechanical and electrical properties could be designed based on this knowledge.
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(5) Market Research and Possibility of Commercialization

Market research and cost estimation showed the material could be sold at $5/lb or

less, which is very economical as a carbon/graphite based material and gives realistic

possibility for it to be used in many applications. Possible applications include

automobile, electrical/electronics, aerospace, and military industries. A provisional patent

has been filed, which includes both the material and the process. A venture business plan

has been proposed based on this new technology and the plan won “The Most Innovative

Design” Award at 2002 Michigan Collegiate Entrepreneurship Conference.

RECOMMENDATIONS FOR FUTURE WORK

(1) Single Layer Crystalline Graphite

The newly developed graphite nanoflakes have thickness of around 10nm. This

indicates that 20 to 30 layers of graphene sheets are still stacking together. Because of

this layered structure, the graphite flakes show significantly lower properties in c-

direction. If these layers are completely exfoliated to form single layer graphite nano

flakes, the resulted material could show excellent properties in any directions. To

fabricate this material, a totally new process is required.

(2) New Graphite Nanocomposites

The new graphite nanoflakes can be used in many polymer composite systems and

the optimal surface and process conditions should depend on matrix and application.

Thus, it is necessary to investigate these conditions for applicable thermoplastic and

thermoset polymers. The key polymer systems for this technology are:
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1. E/E Industry

ABS (Acrylonitrile-Butadiene-Styrene rubber), ABS/PC (Polycarbonate), HIPS,

SAN (Styrene-Acrylonirile copolymer), PVC (Polyvinyl chloride)

2. Automobile Industry

PPE/Nylon (Polyphenylether/Nylon), TPEs (Thermoplastic Elastomers),

Polyurethane, Nylons, PET, PBT (Polyethylene terephthalate, Polybutylene

terephthalate), Biodegradable Plymers

3. Power Cable

PE (Polyethylene)

4. Aerospace

Polyimide

(3) Fuel Cell

Also this material could be used in other advanced applications. One is the parts

for fuel cell systems. Separators for fuel cell systems have been made of thin metal

plates, but they are heavy and corrosive. Strong, light weight, and non-corrosive graphite

sheets and/or graphite based conductive composites could replace the existing metal

based separators. Also this new graphite nanoflakes could be used in fuel storage

systems. Carbon nanotubes and VGCF are known to store hydrogen well and considered

to be used as fuel storage media, but the cost of these materials are high. The new

graphite material developed in this research has high surface area with reasonable cost

and considered to be used in this application, too. The absorption/desorption condition of

hydrogen gas need to be investigated.
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(4) Lithium Batteries

Lithium batteries are another possible applications. Many carbon-based materials

are used as anode and/or cathode materials in this application. The lithium capacity,

charge retention, and thermal stability are key factors.
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Appendix A1

Griffith Crack Theory

Consider a crack of length a is introduced in a material which is subjected to an

applied uniform tensile stress. The energy to create new surface that has surface tension

'ys can be written as:

s = 2a y, (AI-1)

for a small change in length da, it becomes:

d5 = 22, -da (Al-2)

Assume the volume of the crack is rtaz. The change in elastic energy due to crack

propagation is written as:

2

U—(I 2_— Al-32E ( )

where E is Young’s modulus of the material. For a small change in length da,

0.2

dU=—-z:—7m-da (Al-4)

Griffith assumed (Al-2) and (Al-4) are equal, thus:

7m
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Appendix A2

Weibull Equation

Assume a piece of pure solid material is made of many small portions, which are

linked together by chains, and the probability of failure of a single link under a fixed

stress is P0. Now the probability of survival of the link is expressed as l-Po. If the

material has total of n chains inside, the probability of survival of all the chains, thus the

material, will be (l-Po)n and the probability of failure of the material, P“, is written as:

Pnzl—(l—PO)" or I—P,,=(l—P0)" (A2-1)

Here,

ln(l — P" ) =n - ln(l — P0)

(1 — P,,)=exp{n-1n(1— 190)}

P" =1 — exp{n -ln(1— P0 )} (AZ-2)

Weibull defined the risk of failure, R, as:

R = —n - ln(1 — P0) (A2-3)

Now assume the total volume of the solid material is V and this can be divided into small

volumes, V0. Then the number of links, n, should be a function of VNO, thus:

Rec —L1n(1—p0) (A24)
V0

Now think V is infinitesimally small volume, dV:

(1R oc —fl- ln(I — P0) (AZ-5)

V0

which shows that the risk of failure of a material with infinitesimally small volume is a
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function of volume, V0. Also it should be a function of stress, too. Thus dR can be

expressed as:

dR = dag—jaw (AZ-6)

0

If V0 is a constant value, we can integrate (2A—6) and get:

1
R _ lf[a,§;)dv (AZ-7)

Combine (2A-2), (2A-3), and (2A-7) and summarize it.

I

P" : PV 2 1 — exp{— ”([03:13)“? (A2-8)

To get an appropriate function for this equation, Weibull conducted a large scale of

experiments and plotted the fraction of broken fibers against failure stress. The result

showed a smooth curve (Fig. 2A-l ). To represent the curve, Weibull proposed a function

shown below.

1104] = (a ‘ 01]“ (AZ-9)

V0 00

where 0' is the applied stress, 0., is the stress below which no failure occurs, Go is a

 

material constant which is related to the density of the material, and m is the Weibull

modulus or Weibull shape factor which is related to the variability of flaw size in the

material. The values of material constants on, Go, and m are based on empirical data. Now

substitute (2A-9) into (2A-8) and we can get:

 

m

P, :l—exp — [(0:3) dV (A2-10)

0

If the stress is distributed evenly throughout the material, (2A-10) should be written as:
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"1

0—0'

Pvzl—exp —[ ”] V (A2-ll)

00

This equation represents empirical data curve very well. (165)

Now consider a material with CSI, is 0. Suppose there are two specimens which are

made of the same material but have different volumes, V1 and V2. Here assume the

median failure stresses, at which P,=0.5, for both specimens are 0') and 6;. Put these into

(2A-11) and we get:

m m

0.5 = l - exp - [El—J V] and 0.5 =1 — exp - [2;] V2

00

Compare these and summarize it.

"1

Yl=[3l) (AZ-12)

V1 02

This equation shows that if V; is larger than V 1, G] is larger than 0'2 and vise versa, which

means smaller specimen has higher strength.
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Appendix A3

Critical Reinforcement Volume

The assumptions for this theory includes:

1. Perfect bonding between matrix and reinforcements.

2. Reinforcements have high aspect ratio.

3. Fibers are not necessarily aligned.

If very small amount of reinforcements are added to a matrix, the material will be

weakened rather than strengthened. But if we add enough amount of reinforcements, the

composite will be stronger than the matrix itself. Thus, there should be a critical filler

volume fraction necessary to achieve reinforcement by fillers. At critical reinforcement

volume, the strength of composite should be the same as that of matrix. Thus,

O'cu : Umu
(A3- I)

where ow: Ultimate strength or breaking stress of composite

om“: Ultimate strength or breaking stress of matrix

Here introduce rule of mixtures.

EC=VfEf +VmEm (A3-2)

where 13,, Ef, Em: Tensile modulus of composite, reinforcement, and matrix.

Vf, Vm: Volume fraction of reinforcements and matrix.

Now we assumed that the reinforcements are not necessarily aligned in stress direction,

thus (A3-2) should be rewritten as:

Ec=xl -vf -Ef +v,,, -E,,, (AB—3)

where x): A factor which relates the reinforcements alignment, 0<xl<l.

From the definition, EC is written as:
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 EC = ““ (A3-4)

where ecu: Ultimate strain of composite.

Now consider the ultimate strain of reinforcement is smaller than that of matrix. (Most

polymer composites are included in this category.) In this case, the composite begins to

fail when the strain of composite reaches the ultimate strain of reinforcement. Thus,

0'

8m :8,“ = Efu (A3-5)

f

 

Substitute (A3-5) into (A3-4), and then substitute it into (A3-3) gives:

CCU

=——=x..vf.Ef+v,,,.E,,, (A3-6)

Ufa/Er

C

Denote the critical reinforcement volume as mein, thus:

Vf =Vf min and Vm =(1_mein) (A3-7)

Now substitute (A3- I) and (A3-7) into (A3-6) and summarize it.

Efamu —Em0fu

(xlEf 'Emlofu

 

Vf.min = (AB-8)

This shows that stronger (higher of“) gives smaller mem.
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Appendix A4

Average Dispersion Distance --- Spherical filers

 

 

  
 

 

 

 

Summarize this equation and we can get:

2r

Vf
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72L = 4r + 2d

(A4- 1)

(A4-2)



Appendix A5

Percolation Threshold with Platelet Fillers

Average dispersion distance=d

fl«fir

‘6»;

 

Length :1

 

 

   
  
 

Thickness = t

 

  
 

 

V

The volume fraction of fillers is: d

2

vf = l 2" (AS-1)

(1+ d) (t + (I)

Now assume d is fixed at a distance where tunneling occurs, say 100nm at room

temperature. Also assume I is fixed, then (AS-1) can be rewritten as:

l

(414)
This equation shows the fact that the thinner or shorter the fillers are, the smaller the

 

percolation threshold is. Now define aspect ratio as:

a : —
(AS-3)

Substitute (AS-3) into (A52).

1

Vf = (AS-4)

(+1-114a)
This reveals that we need fillers with shorter length but higher aspect ratio for smaller

 

percolation threshold.
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Appendix A6

Anion Living Polymerization of Stylene initiated by Sodium Naphthalene System

Electron transfer

d
. —

O

00 EI j. +

THF /

Electron transfer

 

:CHz—CH Na+

(I).
/

RadicalAnion

.CHz——CH Na+ Na+CH—CHz—CHz—CH Na+

2 C -> o o

-_* Naifl—CHzg—CHz012—an:l—CH6 Na
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Appendix A7

Young’s Equation --- Work of Adhesion

Surface Energy of Liquid: y)

‘ Contact Angle: 0

I

  

   

 

   

Surface Energy of Solid: 7, Surface Energy of Solid-Liquid Interface: 751

 

Solid

   

Equilibrium Point

Here, the equilibrium cindition can be written as:

ys = 731 + 7, ~cos€ (A7-1)

where }{.: Surface Energy of solid

)1: Surface Energy of Liquid

)4): Surface Energy of Solid-Liquid Interface

0: Contact Angle
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Appendix A8

Dupre’s Equation --- Work of Adhesion

Surface Energy of

Solid-Liquid

Interface: 7,.

Liquid

V...

‘ Surface Energy of Liquid: 'y)

‘..c Surface Energy of Solid: 7,

Solid

 
Here, the work of adhesion can be expressed as:

Wa = 75 + 71 — 7st (A8-1)

where Wa: Work of adhesion. (Energy required to separate matrix and

reinforcements), x, )1, 1’.) : Surface energies of solid, liquid and interfacial energy

between them.

Or the free energy of adhesion can be expressed as:

40a = -Wa = 7.1 - 75 - 71 (AB-2)
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Appendix A9

Work of Cohesion for Non-Polar System

Liquid

   
Liquid V.

O

 
 

_> Surface Energy of Liquid based on

dispersion interaction: 'le

.0

Liquid o’

Liquid

  

Here, the work of cohesion of liquid can be expressed as:

WCJ = 7,0 + 7’10 - 0 = 27,0 (A9-1)

where We): Work of cohesion of liquid

)1” : Surface energy of liquid based on dispersion interaction

In the same way, the work of cohesion of slid can be written as:

Was = 7.? + x? - 0 = 27.? (A9-2)

where W“: Work of cohesion of solid

1!.” : Surface energy of solid based on dispersion interaction
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Appendix A10

Surface Energy Components of Liquids for Surface Energy Measurement

 

 

 

 

 

 

 

 

       

7 Y 7 7 7'

Water 72.8 21.8 51.0 25.5 25.5

Glycerol 64 34 30 3.92 57.4

Ethylene Gljcol 48.0 29 19.0 1.92 47.0

Forrnamide 58 39 19 2.28 39.6

Dimethyl Sulfoxide 44 36 8 0.5 32

Chloroform 27.15 27.15 0 3.8 0

or—Bromonaphthalene 44.4 43.5 210

Diiodomethane 50.8 50.8 0
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Appendix All

Contact Angle Measurement

A. Bulk solid --- Optical Goniometer

’ Contact Angle: 9

Liquid

Solid

In the case of bulk solid with clean, flat surface, a droplet of a liquid can directly

put on the surface and the contact angle ca be measured by optical goniometer.

 

B. Fiber or small plate Wilhelmy Method Microbalance
  
 

One end of a sample is connected to a microbalance I

and the other end is attached to a liquid. The liquid ; ,.

goes up along the sample and eventually reaches an

equilibrium state. /K

4:; J.,

Wtolal = Wplate + P719059 (Al 1'1) T 2‘

  

where Wm): Total weight at equilibrium 9   
me: Weight of plate or fiber

P: Perimeter of plate or fiber

7): Surface free energy of liquid
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C. Short fibers or particles --- Washbum Theory
 

  
Microbalance
 

Particles are packed in a small tefron tube and

connected to a microbalance. When the other end

of tube is attached to a liquid, it begins to swell up.

Washbum proposed a theory which describes the

relation between contact angle and the mass of

 liquid sucked at time t as:

W124)

t-p2

C-y,cos€= (Al l-2)   
 

where C: Capillary constant

7]: Surface free energy of liquid

W1: Weifgt of liquid sucked into the pours at time t

p: density of liquid

n: Viscosity of liquid

He defined the capillary constant for a porous material as:

C=%7r2r5(I—f)2 (All-3)

where r: Radius of capillary

f: Volume fraction of solid

(I-f): Volume fraction of capillary space

Substitute (A9-3) into (A9-2) and summarizing the equation gives:

2 - W,2 ~77

c056:

t-pz ~717r2r5(1—f)2

 (Al 1-4)
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W. /t can be measured experimentally. f can be determined by measuring total weight

of sample packed and density of the sample. Others should be given.

In a real measurement, lelt changes in termes of time because of the buoyancy

effect. Thus, this term should be determined in the early stage of experiment where the

effect is minimun and the relation between W12 and t is almost linear.
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Appendix A12

Theory of Adhesion at Solid-Liquid Interface

The strength of adhesion at solid-liquid interface can be described by

thermodynamics. In early 19th century, Young found the fact that the contact angle of a

droplet on a solid depends on the surface condition of the solid. He assumed

thermodynamically equilibrium condition and proposed an equation called Young’s

equation. [120] [Appendix A7].

75:75: +71 -cost9 (A12-1)

where )4: surface free energy of solid, )1: surface free energy of liquid, )9: surface free

energy of solid-liquid interface, and 0: contact angle

In 1860’s, Dupre proposed that the energy required to separate matrix and

reinforcements can be expressed by using surface energies of matrix, reinforcements, and

interfacial free energy between them. [121] [Appendix A8]

Wa = 7'. + 71 - 751 (A12-2)

where Wa: Work of adhesion. (Energy required to separate matrix and reinforcements),

Combination of equations (A12-l) and (A12-2) leads Young-Dupre equation,

Wa 2 ”(I + cos (9) (A12-3)

When cosG=l, or 0:0, the work of adhesion reaches its maximum. In such condition, the

relations among surface energies becomes as follows:

1% — 7.91 = 71 (A12-4)

Here the surface energy must equal or greater than zero. Thus, surface energy of the solid

should be greater than that of liquid for good adhesion.
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In 1950’s, Girifalco and Good proposed that the work of adhesion could be expressed by

geometric mean rule (or combination rule), [122, 123] which is:

. 1/2

Work of adhesron between Work of cohesion Work of cohesion

solid and liquid = of liquid X of solid

They considered a non-polar system where adhesions and cohesions are based only on

dispersion interactions and derived the work of cohesion as: [Appendix A9]

WC) = y,” + le — 0 = 2le (A12-5)

where We): Work of cohesion of liquid, MD: Surface free energy of liquid based on

dispersion interaction

W.,. = x? + 75’ — 0 = 27.? (A12-6)

where W“: work of cohesion of solid, 140 : surface free energy of solid based on

dispersion interaction. Thus, the work of adhesion based on dispersion interactions can be

written as:

WaD =2(/7,D 7’? (A12-7)

In 1950-60’s, many people tried to incorporate interactions such as dipole-dipole

interactions and hydrogen bond into the adhesion theory. Fowkes first proposed

separating the surface energy into many components such as: [124]

ind

7=7D+7 +7” +——— (A12-8)

where 70, Ynd, 7": Surface free energy based on dispersion, induced dipole, and hydrogen

interaction. But because of the complexity of the equation, later he suggested to

summarize the equation into two dominant terms. [125]

7: 70 + 748 (A12-9)
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where 168: Surface free energy based on acid-base interactions. Then, the work of

adhesion is also expressed in two dominant terms.

Wa = W.,” + WaAB (A12-10)

Based on geometric mean rule considering only positive and negative components attract

each other, the acid-base component of the surface energy of a pure substance is written

as: [126]

7A3 =2\/7+7' (A12-11)

where T, y—: Lewis acid or base component of surface free energy.

In the same way, the acid-base component of the work of adhesion between solid and

liquid can be written as:

WaAB = 2(1/7371' +1747?) (A1242)

Now substitute equation (A12-7) and (A12-12) into (A12-10), then:

W. = W.,” +WJ‘B = 2[\/}'ID 7.? +1737:— +«/rs"n’j (A1243)

  

Here compare equations (A12-3) and (A12-l 3);

W0 = 71(1+cos6)=2[(/7,D ~75” +Jrs+rf 47,771+] (A12-14)

This equation gives the basic theory of solid surface analysis. Since contact angles of

liquids with known 7.0, 71+, 71’ [Appendix A10] can be determined experimentally

[Appendix A11], then more than three equations based on (A12-14) can be obtained. The

surface energy components of the solid, 75'), 75+, and y, can be determined by solving

these equations. By using this technique, the work of adhesion between matrix and

reinforcements with different surface treatments can be evaluated.
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Appendix A14

Rule of Mixtures

This model is based on assumptions that include

0 Both fibers and matrix are elastic

0 Fibers in the composite is uniaxially aligned,

0 Adhesion between fibers and matrix are complete

A. Elastic Modulus in Longitudinal Direction

The modulus of the composite in longitudinal direction is derived by constant strain

approach, in which the longitudinal strain in fibers is considered to be the same as that in

the matrix. Suppose the stress in longitudinal direction (1 direction) is on.

 

 

 

 

 
Now the elongation (e) of matrix and fibers is the same, and so is the deformation (8).

8fiber 2 8matrix = acomposite (A14-1)

51%... = 6m... == 660mm,)... (Compatibility Equation) (A14-2)

Now 8=§=g=—P— and Pzfl (A14-3)

l E AE l

where 5:deformation, 1: Length, ozstress, EzYoung’s Modulus, A:Area, P: Force

Now the force applied on the composite can be considered as the sum of the force

on matrix and that of fibers.

244



PC = Pm + Pf (Equilibrium Equation) ‘ (A14-4)

where c, m, and f denote composite, matrix, and fiber, respectively.

Equation (Al3-4) can be rewritten as

l l I

 

From equation (A13-l) and (Al 3-3), we can say

6 6 5

I

ll l 0
3

K
.
.
.

Thus equation (Al3-5) becomes

A Af
EC =A—mEm +A—Ef

c 6

Which can be expressed as

El,c =Ef-Vf +Em-(1—Vf) (A14-6)

where Ef and Em represent moduli of fiber and matrix

Vf and Vm represent volume fraction of fibers and matrix in composite

B. Elastic Modulus in Transverse Direction

The modulus of transverse direction is derived by constant stress approach, in

which the transverse stress of fibers is same as that of matrix.
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Now the force applied on the upper plane of matrix is equal to that of lower plane

of fiber, and also this is equal to the force acts on the composite.

PC = Pm = Pf (A14-7)

Now we realize AC=Am=A{, thus

0". = 0'”, = 0'f = 0' (Compatibility Equation) (A14-8)

Here consider deformation of composite in transverse direction is the sum of that of

matrix and fibers.

5C = 6m + 5f (Equilibrium Equation) (A14—9)

Now apply equation (A14-3) to (A14-9) and we get,

Pclc _ Pmlm + Pf’f
  

 

 

  

_
(A14-10)

ACEC AmEm AfEf

P P P
And consider ——C-=0'C = m =0”, =——I—=0'f,we get

AC Am Af

L: 1m + ’f

EC [cEm lcEf

This can be rewritten as

V I—V E -E

1 = f + f or Eu: f ’" (A14-11)
E2,C Ef Em VfEm+(l-Vf)Ef

C. Poisson’s ratio, v12

Apply a stress in longitudinal direction (1 direction), then the matrix and fibers

elongate in longitudinal direction and contract in transverse direction.
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Since fibers and matrix are perfectly bonded, the elongation in longitudinal

direction should be the same and that is the elongation of composite.

81$ = 8],", = 8” = 81 (Compatibility Equation) (A14-12)

Now consider the contract in transverse direction.

The contract of matrix can be written by using Poisson’s ration of the matrix.

8

vm==— 2”’ or £Zm==—vm£Lm (A1443)

81.":

 

In the same way, the contract of fibers is

82’ _

Vf =———f— Ol‘ €2,f =—Vf81,f (A14-l4)

81,!“

The deformation of composite in transverse direction is the sum ofdeformation of

matrix and fibers.

8161‘. = 82ml," + alflf (Equilibrium Equation) (A14-15)

Substitute equations (A14-13) and (A14-I4) into (A14-15), we get,

1 1

824: = _[82,m l-i-Ez’f [L] = 482,me +£1fo ) (A14-16)

1C C

Now the Poisson’s ratio of composite is written as

£6V+£V

Vmc=-ZC=ZM'" sz (AMdn

81.c 81

 

Using equations (A14-l2), (A14-13), and (A14-I4), we can rewrite (A14-17) as
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V121. =Vm(l-Vf)+Vfo (A14-18)

D. Poisson’s ratio, vz1

. V V

Here we know the relation #2 =%. Then

 

 

 

I 2

E7 C Ef 'Em 1

V21. =;V12,c= - -{v (l—V )+v V }
C 15., Vf-Em+(I—Vf)-Ef Ef.vf+E,,,-(1—vf) ”‘ f f f

(A14-I9)

E. Shear Modulus, G12

Apply shear stress on a composite. u

m

le

——>

I [If

In.

It

The shear stress on the composite is equal to that of matrix and fiber.

712‘. = 712.”! = le'f (A14-20)

The displacement of matrix is different from that of fiber, and the displacement of

composite is the sum of these.

uc = um + uf (Equilibrium Equation) (A14-21)
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where uc, um, and Uf denote desplacement of composite, matrix, and fiber,

respectively.

Now consider shear strain of matrix

  

r r l
7"! =u_m: l2 and um = 12 m

1m Gm Gm

In the same way, for fibers

u 2' r l
7f :i:._]2_ and um:___12"1

Substitute equations (A14-22) and (A14-23) into (A14-21),

= 7121c = 712’»: + lelm

Gc Gm Gm

 

“m

Thus we can conclude,

l-V V G -G

1 :( f)+ f or G.C= f m

GC Gm Gf Vf-Gm+(1-Vf)-Gf
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(A14-22)

(A14-23)

(A 14—24)

(A 14-25)



F. Summary of Five Elastic Constants Derived from Rule of Mixtures

(1) Elastic Modulus in Longitudinal Direction

E1,c =Ef .Vf +Em .(l—Vf)

(2) Elastic modulus in Transverse Direction

Ef-Em

vf -E,,, +(1—Vf)-Ef

 

E2.C

(3) Poisson’s Ration, v12

V12,C = Vm(1-Vf )‘i'Vfo

(4) Poisson’s Ration, v21

E E -E

V21,C : Z’C V12,c : f m ' l °{Vme +vaf}

ELC VfHEm+(l—Vf)Ef Efo+Em(l—Vf)

  
 

(5) Shear Modulus

= Gf-Gm
 

.C

Here consider matrix and fibers are isotropic. Thus,

E

=2(1l:":/ ) and Gf 22(1—fv )m f

m

Since the rule of mixtures doesn’t take aspect ratio into account, each elastic constant is

the function of volume fraction of fibers only. Thus it gives only one line for each

constant.
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Appendix A15

Eshlby’s Method

[1] Manifestation

Eshelby showed theoretical approach to predict mechanical properties of materials

which are consist of inhomogeneous phases. To accomplish this, he made some

manifestations.

I. A single ellipsoidal inclusion embedded in an infinite medium undergoes uniform

deformation corresponding to imposed deformation in the media at large distance

from the inclusion.

2. Introduce “equivalent homogeneous inclusion” (EH1). The inclusion is made of

the same material of matrix, but has an appropriate misfit strain (equivalent

transformation strain, 8T ) so that the stress field of “equivalent homogeneous

inclusion” in composite has the same stress field for the actual inclusion. And ET

and constraint strain, 8C is related as follows.

(AIS-l)

where SE is Eshelby’s tensor, a function of aspect ratio and Poisson’s ratio of inclusion.

  

         

,__EHLde.CI_ .

M M Transformation

W ~=> + :> W

Strain of inclusion 8:0 Transformation strain EzraT Constraint strain e=eC

Actual Composite Model
 
 

 

  +

Strain of inclusion 8:0 Transformation strain €=8T* Constraint strain 8=8C
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3. The stress of actual inclusion, which has transformed strain a“ and final

constrained strain 8C can be expressed using EH1 which has transformation strain,

ET and same final constrained strain.

of =Cf(eC—eT*)=Cm(eC-eT) (AIS-2)

where Cf and Cm represent modulus of fiber and matrix, respectively.

From equation (A15-l) and (AIS-2), we can get

of =C,,,(SE —I)£T (AIS-3)

where I is identity tensor.

[2] Theory

Consider non-dilute, inhomogeneous composite model. In this model, we consider

one fiber and homogeneous composite media. The stress in the fiber is expressed by the

stress of fiber in the dilute model and background stress, or the mean field stress of

“homogeneous” composite media surrounding the fiber. Thus, fibers are assumed to be

distributed randomly and no individual fiber-fiber interaction are exists.

_ _ * _

of+0m=Cf(£C+em+eT )=Cm(£C+em+sT) (AIS-4)

where 0'... and e... is the mean field stress and strain, respectively.

Now assume no external force is applied so that the average stress of the composite

 

is zero.

_ _ __ _ Vf __

OC=O=Vf-0'f+(l—Vf)-Um and amzv 10f (AIS-5)

f _

Also we can get 6'7sz :07 (AIS-6)
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Substitute equation (AIS-4) and (AIS-6) into (AIS—5) and summarize it.

8m=Vf(£T_gC) and azvf'CmUJT—EC)
(AIS-7)

Substitute equations (AIS-7) into (AIS-4) and summarize it.

 

 

Tilt

C -e

87 = f (AIS-8)
(Cf —Cm){(l—Vf)SE +Cf Vf +Cm}

Now consider external loading, GA, and repeat the process.

A

(C - C )-8
87 = m f

(AIS-9)

(Cf —Cm){SE —Vf(SE —I)} +Cm

Here consider average strain of the composite under external loading.

6" =CC ec" =CC(eA +22) (AIS-10)

where EC is the internal strain due to shape mismatch and can be expressed as

—_— C
€C—€m+Vf ~13 (AIS-11)

Substitute equation (AIS-7) into (AIS-1 l) and summarize it.

—_ T
EC-Vf '8 (AIS-12)

Substitute equation (Al 5-12) into (AIS-10) and summarize it.

04 =CC(.eA +vf -eT) (AIS-l3)

Now substitute equation (AIS-9) into (AIS-l3) and compare it to

_ A

0 —C,,, -8 (AIS-14)

Then we get

C _C (Cf—Cm)1SE—vf<Sg-I)1+Cm (A1515)

6‘ ’" (Cf-Cm){SE—VfSE}+Cm
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[3] Model

Assume both fibers and matrix are isotropic. The stiffness of these materials are

 

 

   
  

 

 

   

written as

PCfII Cflz Cle 0 0 0 7

Cle Cfll Cle O 0 0

Cle Cle Cfll O O 0

Cfll ‘Cflz
Cf = 0 0 0 2 0 0 (AIS-l6)

C —C

0 0 0 0 f” 2 “2 0

C -C

0 0 0 0 0 f” 2 “2

(2-3v )E v E

WhCl‘C Cfll = f and Cflz = f .

(1+Vf)(l—2Vf) (1+Vf)(l-2Vf)

Flel leZ Cm12 O O 0 l

le2 lel lez 0 0 0

le2 leZ lel 0 O 0

C -C
Cm : 0 0 0 mil 2 m12 O O (AIS-l7)

O 0 O 0 lelgcmlz 0

0 0 0 O O lel; m12

(2—3Vm)E
VmE

  where Cm” = Cm12
and = .

(1+Vm)(1-2Vm) (1+Vm)(l—2Vm)

254



Now consider a model that has an ellipsoidal inclusion embedded and aligned in 3—

direction. This model is transversely isotropic.

  

  

 

3 3

4 .
, Oblate Spherord

Prolate Spherord l

2 \> 2

I 1

The Eshelby’s tensor for this model is expressed as

p51111 51122 51133 0 0 0 _

52211 52222 52233 0 0 0

S S S 0 0 0SE 2 3311 3322 3333 (A15-18)

0 0 0 52323 0 0

0 0 0 0 5.3.3 0

. 0 0 0 0 0 szd

where

3T

51111=52222=Q+Rli+7 (AIS-19)

S3333 =4—3Q-+Rl3 +2527 (AIS-20)

4T

51122 =52211=%—R’1+7 (AIS-21)

51.33 = $2233 =—RIl —32T (AIS-22)

53311=S3322 =—RI3-T (A15-23)

I R 1+52
52323 =S.3,3=2R- ‘2 — 2 T (AIS-24)

where s is aspect ratio.
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Q : __
(AIS-25)

8(1— Vm)

l—2V
= m

(AIS-26)

8(1 —V,,,)

4 — 31

T: ( 2 1) (AIS-27)

3(s - l)

l

I] =——2—S3—{s(s2 -1)/2 —cosh ‘1 s} for prolate spheroid (AIS-28)

(s2 —1)/2

l

l I = ———£-3—- {cosh‘l s — s(s2 — l)/2 } for oblate spheroid (AIS-29)

(s2 -1)/2

where cosh _1 x = 2

ex +e_x

13:4—211 (AIS-30)
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Appendix A16

Effective Width, Aspect Ratio, and Volume fraction

 

 

 

  
 

 

 

  

 

    

d

d 1”” 1””

E i °‘P E 1

Stress inside 5 : i E

the flake / i l

i t ' i t i

Shear Stress :

on the surface of i

the flake 0 P X

LC d/2 LC

(1)0 < X < Lc

2(h+d)dx-T=h-d-d0'

2r
d_0': 2(h+d)r= 2(h/d + 0153? Thus, az—X

dX h -d h h h

(2)1.c < X < d/2

0=0p

21 aph

When X = d/2, 0': Op. thus, 0,, =—LC or LC :—

h 22'

Now, the average stress in side the flake for 0 < X < d/2 is:
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(A16-l)

(A16-2)

(A16-3)



_ 1 d/2 L

0'=— Ia-dX=0'p l——C- (A16-4)
d/2 0 d

Here define effective width, deff as follows:

I 6].-al.,],r =E-d (A16-S)

// \ then _

o 7 a

p

 

 

 

 

4| Substitute (A16—4) into (A16-6)
deff L

are},r =d[1——j—] (AIS-7)   r i

The effective aspect ratio is defined as:

aefl=dh = h =q—1—— (A16-8)

11%) (e)
The effective volume fraction is defined as:

 

 

V , d L L
fell eff c c A

Vf 0' l d) or M fl d l ( )

Replace 0L and Vf in Eshelby’s equation by 01.,“ and Vote”, then the equation

becomes a function of 0t, Vf, d, and LC. or, Vt, and d are given. Modulus of composites

can be obtained experimentally. Thus Lc can be calculated, so as ore“, Vpeff, and deff.
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Appendix A17

Modulus for Composite with Randomly Oriented Reinforcement

(2-Dimensional averaging of transversely isotropic composite system)

Consider a model composite in which a shot fiber is aligned in direction 1.

The stress-strain relation in 1-2 cordiation can be written as: 2

 

011 811 Q11 Q12 0

022 =Q 822 Where Q1= Q12 Q22 0 (A17-1)

I12 712 0 0 Q66 —>

  where 0' is tensile stress, 1' is shear stress, 8 is tensile strain, 

and y is shear strain. The subscripts mean the direction of

 

each factor. Y 2 X

Now consider X-Y coordination, which has rotation angle \ T /

o from 1-2 coordination. The stress-strain relation in 4)

—>

X-Y coordination is: I

  
 

0xx 8xx Q'rl Q'12 Q'16

O'yy =Q' 8yy where Q'= Q'lz Q'ZZ Q'26 (A17-2)

TXY 7XY Q'16 Q'26 Q'66

Since fiber is aligned off direction from X-Y axis, the shear strain affects tensile stress

and vise versa.

Now Q’” is a function of 6. Integrating Q’” in the range from 0:0 to ¢=it and

dividing the result by it gives the average value of Q’.., which is the tensile modulus for

composite with randomly oriented fiber.

Here, stresses in X-Y coordination can be related to those in 1-2 coordination, so

as strains. Define T and T’ as transformation tensor for each case, then:
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“xx 011 8xx 811

O'yy =T 0'22 . Eyy =T' 822 (A17-3)

“xx 012 Txy 712

From (A16-I), (A16-2), and (A16-3), Q’ can be calculated as:

Q'=T-Q-<T'>" (A17-4)

Here consider a transversely isotropic composite

Y

#
1
9

in 1—2 coordination. Assume the length of the

composite in 1 and 2 direction are dp and dq

respectively. Also assume the thickness of the   
 

 

composite in 3 (or Z) direction is unit, so that the \

dq

calculation would be easier.

 

Set X axis as the diagonal direction of the composite
 

 

so that 6 can be related to dp and dq.

  

 

  
 

 

  
 

 

 

  
 

dp

mung"— , cos¢- d” / , sin¢= dq /2 (A17-5)

p (dp2 +dq2) (dp2 +dq2)

. 2

Now consider the half of the composrte. Y ‘ Plane 3

CW

X

Define tensile and shear stress on plane

Plane 1

l, 2, and 3 as shown in a right figure. '2

0'11

Assume the system is in equilibrium condition. 1

1

Define forces acting on plane 1, 2, and 3 as 12

F1, F2, and F3 respectively. These forces can be written as: 022 Plane 2

F1=Ull'dq'I-T12'dp'l N

F2=022'dp'l—le:dq'l > (A17-6)

173:0}, (dp2 +dq2)v2 -l J 
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where l is the thickness in 3 or 2 direction, which is defined as unit. In an equilibrium

condition, F1, F2, and F3 can be related as:

F3=F1~sin¢+F2-cos¢ (A17-7)

Substitute (A17-6) into (A17-7) and summarize it in terms of sin¢ and sin¢ by using

(A17-5).

ayy =sin2 ¢ - 0'11 +cos2 ¢ - 0'22 —2$in¢-cos¢'z'12 (A17-8)

In the same way, O'xx and Ixy can be obtained as:

“XX =cos2 ¢ - 0'” +sin2 (1)-0'22 + 25in¢-cos¢ ' 112 (A17-9)

Txy =—sin¢cos¢-0’H +sin¢cos¢~022 + (cos2 ¢)—sin2 ¢)712 (A17-10)

Thus, T can be expressed as:

cosng sin2¢ 25in¢cos¢ 1

T: sin2¢ 0052(2) —2sin¢cos¢ (A17-11)

— sin¢cos¢ sin¢cos¢ cos2 (I) — sin2 ¢

 

Also, (T’)’' can be expressed as:

cos2 ¢ sin2 (b sin¢cos¢

(T')'1 = sin2 ¢ cos2 ¢ — sin¢cos¢ (A17-12)

—2$in¢cos¢ 2sin¢cos¢ cosz¢—sin2¢

Substitute (A17-l), (A17-l l), and (A17-l2) into (A17-4):

cos2 ¢ sin2 ¢ 28in¢cos¢ Q] 0 3 ' 2 °. 1 Q2 co ¢ sm ¢ srn¢cos¢

Q'= sinzc) cosz¢ -25in¢cos¢ Q12 Q22 0 sin2¢ cog¢ —sin¢cos¢

—sin¢cos¢ sin¢cos¢ cosZ¢—sin2¢ O O Q66 —25in¢cos¢ 25in¢cos¢ co¥¢—sin2¢

(A17—l3)

Thus, Q’ I. can be calculated as:
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Q“ 20054 (1)-Q” + sin2 ¢c032 ¢ - (Q12 + 2Q66)+ sin4 Q22 (A17-l4)

Now calculate

 

2r

1 .

Qrandom =— IQ 11d” (A17-15)

If

0

Hereuse

. 4 3 I . l .

sm -d =- -—-—sm2 +—srn4l ¢ ¢ Sc» 4 ¢ 32 w \

Icos4¢~d¢=2¢+lsin2¢+isin4¢ > (A17-l6)

8 4 32

Isin2¢cosz¢-d¢=l¢__l_sin4(p
J

8 32

Substitute (A17-l4) and (A17-l6) into (A17-15) and summarize it.

I

Qrandom : ‘8'(3Qll +3Q22 +2Ql2 +4Q66) (A17'17)

In the case of transversely isotropic material, Q“, Q22, Q12, and Q66 can be written by

elastic constants EH, E22, v.2, and v21 where E and vmeans tensile modulus and

Poisson’s ratio respectively. [Errorl Reference source not found]

Now andom can be written as:

Q...- = é—BE. + 313,, + ME. + 40.) (A17-18)

Here recall equation (A14-25)

 

Assume Gf >> Gm.
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1 V G
—§—'" or 0,, =—1 (A17-19)

GlZ Gm V

Now matrix is an isotropic material, then:

 

 

E
m = m. _

(A17-20)

2(1+ vm)

Substitute (A17-20) into (A17-l9), then:

E

G12 = m (A17-21)

Vm - 2(1+ vm)

Here recall equation (A14—l 1).

I_W+W

E22 Em Ef

Assume Ef >> Em.

—1——~X-’1'- or E -V -E (A1722)
E22 '- Em m m 22

Substitute (A17-22) into (A17-2]), then:

E

012 =———-,22 (A17-23)
2(1 + vm)

Substitute (A17-23) into (A17-18), then:

I 2E22

=— 3E +3E +2v E +—— A17-24Qrandom 8[ 11 22 12 22 (HI/"0] ( )

Now vm is around 0.28 to 0.38 for polymers while Vf is around 0.22 to 0.35 for glass,

carbon, and aramid fibers. Thus, it is reasonable to assume vm = vi; = 0.3. Then:

(3Ell + 5522) (A17-25)
Qrandom E

l

8
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Appendix A18

Stress-Strain Relation of Elastic Materials

[1] Isotropic Material

Mechanical properties of all directions are the same and only two engineering constants

are independent. Now consider compliance matrix,

     

 

5111 F511 512 512 0 0 0 T011—

822 512 511 512 0 0 0 022

533 = 512 512 511 0 0 0 033 where

723 0 0 0 S44 0 0 I23

731 0 0 0 0 S44 0 2'31

_}’12‘ _ 0 O O O O S44-_712_

511:1“, 512 =“V-vand S44 =2(511—512)=-1-= 2(1+V)- (A18-1)
E E G E

Here 8 is tensile strain, and y is shear strain, 6 is tensile stress, 1.’ is shear stress, E is

tensile mdulus, v is poisson’s ratio, and G is shear modulus.

Here consider stiffness matrix,

— _ l'" —

     

  

011 C11 C12 C12 0 0 0 F1911T

0'22 C12 C11 C12 0 0 0 822

033 = C12 C12 C11 0 0 0 533 where Cuzsn—l

2'23 O O 0 C44 0 O y23 '1 1]

r31 0 0 0 0 C44 0 ml

-112- .1 0 0 0 0 0 C44__}’12_

and

‘ C -C E11 = (1 v)E .C12= vE ,andC44=(—-”—12—)=G=__

(l+v)(l—2v) (1+v)(1—2v) 2 2(1+v)

(A18-2)
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[2] Orthotropic Material

Mechanical properties of direction 1 2, and 3 are all different and nine engineering

constants are independent. Now consider compliance matrix,

     

F8111 F511 512 513 0 0 0 T011—

822 S12 522 523 0 0 0 022

6‘33 = 513 523 533 0 0 0 033 where

723 0 0 0 S44 0 0 723

7’31 0 0 0 0 555 0 I31

112, _ 0 0 0 0 0 566“le-

l l 1

511=—, 522 =——, 533 =—.

Eu 522 533

V12 V13 V23

Ell 1511 522

l l 1

S44=-——, $55=—,and 5662— (A18-3)

023 G31 012 2

Here 8 is tensile strain, and 'y is shear strain, 0' is tensile stress, 1: is shear stress, E is

tensile mdulus, v is poisson’s ratio, and G is shear modulus.

Here consider stiffness matrix,

— 1 ,— _— —

 

0'11 C11 C12 C13 0 0 0 811

0’22 C12 C22 C23 0 0 0 822

033 : C13 C23 C33 0 0 0 833

2'23 0 0 0 C44 0 O 723

2'31 0 0 0 0 C55 0 731

_2'12_ _ 0 0 O 0 0 C66__712_    
where
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[3] Transversely Isotropic Material

Assume direction 3 is the longitudinal direction and direction 1 and 2 are the transverse

direction. Mechanical properties in direction 1 and 2 are the same, while those in

direction 3 are different and 5 engineering constants are independent. Now consider

compliance matrix,

     

"8111 ‘511 512 513 0 0 0 "011—

822 512 511 513 0 0 0 022

833 = 513 S13 S33 0 0 0 033 where

723 0 0 0 S44 0 0 723

y31 0 O O 0 S44 O 131

-712- _ 0 0 0 0 0 Swim}

 

511-—, 533-—’

511 E33

V12 V31

512 "——, 51 ———,

Ell E33

l l 21+v

S44 =—, and S66 = = ( 12) (A18-5)

G31 G12 E11

Here 8 is tensile strain, and y is shear strain, 0' is tensile stress, 1? is shear stress, E is

temsile mdulus, v is poisson’s rati, and G is shear modulus.

Here consider stiffness matrix,

 

7711i _C11 C12 C13 0 0 0 V811—

022 C12 C11, C13 0 0 0 822

033 = C13 C13 C33 0 0 0 833

1'23 0 0 0 C44 0 0 723

731 0 0 0 0 C44 0 731

_712_ _ 0 0 0 0 0 C66__7]2d    
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Appendix A19

Calculation of 5 Engineering Constants from Stiffness Matrix

for Transversely Isotropic Material

Here consider direction3 is the longitudinal direction and the stiffness matrix for

transversely isotropic material can be written as,

p— —I r— y— —

     

011 C11 C12 C13 0 0 0 _, 811

022 C12 C11 C13 0 0 0 622

0 C C C O 0 0 E33 = 13 13 33 33 (A194)

T23 0 0 0 C44 0 0 723

T31 0 0 0 0 C44 0 731

1.. l0 o 0 0 0 66.171.

(1) Elastic Modulus (Young’s Modulus) in direction 3, E33

Now apply 0'33 #3 0. ( other stresses are 0)

OZCHEH +C12822+C13833 (A19-2)

0‘33 =C13811+C13€22 +C33€33 (A19-3)

Because of its isotropy in direction I and 2,

Substitute (A19-4) into (A19-2) and summarize it.

— C

811:4833 (A19-5)

C11 + C12

Substitute (A19-5) into (A19-3) and summarize it.

2 2

2C 0' 2C

0'33 = C33 - 13 £33 and E33 =—;fi= C33 — 13 (A19-6)

C11+C12 €33 C11+C12
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(2) Elastic Modulus (Young’s Modulus) in direction 1 or 2, El 1=E22

Now apply 01] 7b 0. ( other stresses are 0)

011=C11€11+C12€22 +C13€33 (A19-7)

O=C12811+CH822 +Cl3833 (A19-8)

0=C1381 'l +C13€22 +C33833 (A19-9)

(A19-7)-(A19-8) and summarize it.

0'11=———+gn (A19-10)

C12 ‘C11

822

Substitute (A19-10) into (A19-9) and summarize it.

  ‘35” (A19-ll)

Substitute (A19-10) and (A19-1 1) into (A19-7) and summarize it.

2 011: (333(C112 ‘C122)'2C132(C11“C12)
 

 

E11 8 2 (A19-12)

1‘ C11C33 - C12

(3) Poisson’s Ratio, v3l=v32

Recall equation (A19-5), then;

v31=v32 =—€“ = C13 (A19-13)

833 C11 + C12

(4) Shear Modulus, G3I=G32

From definition, G31 = G32 = C44 (A19-14)

(5) Shear Modulus, G12

G12 2C66:%(C33—C13) (A19-15)
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Appendix A20

Failure Mechanisms of Materials and Fracture Mechanics Theories

 

Categol Material Mechanism Theories
 

Yielding Ductile Plastic deformation

Tresca,

Maximum Shear Stress Theory

l- Saint-Venant

Maximum Strain Theory

Beltrami-Haigh

Total Strain Energy Theory

L Huber, Hencky, von Mises

Maximum Distortion Energy

Theory
 

Fracture

Brittle

(crack

free)

Sudden catastrophic failure

without plastic deformation

on the macroscopic level

I- Rankine, Lame

Maximum Principal Stress

Theory

l. Coulomb-Mohr

Internal Friction Theory

1- Modified Internal Friction

Theory
 

Fracture

Brittle

(crack

exists)

Crack growth due to

applied stress

)0 Griffith

Crack propagation criterion for

» an elliptical crack

Irwin

Crack propagation criterion for

a linear crack

I- Barenblatt, Dougdale

LCohesive Crack Model

Carpinteri

Brittleness Number

Energy Number
 

Fatigue Brittle

(crack

exists)

Slow crack growth due to

repeatedly applied stress

Crack Growth Rate  
Excessive

Elastic

Deformation

Buckling or bending due to

compression, twisting,

vibration, etc

Euler’s Formula

Generalized Euler’s Formula

 

 
Others

  
0 Corrosion related fatigue

0 Wear failure-Complex

surface related damage

phenomena

0 Liquid erosion-Wear

failure due to removal of

material by liquid  
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Appendix A21

Von Mises Criterion for Failure Analysis of Ductile Material

The von Mises yield criterion [143] is used to estimate the yield phenomena of

ductile materials. This criterion states when the energy of distortion (effective energy)

reaches the yield energy of the material, the failure of ductile material occurs. This

relation is mathematically expressed as,

l 2 2 2 }%2

ineld 20.77 :f(01-02) + ((72 ‘03) + (03 '01) (All-1)

where oeff is the effective energy of the material and 01, 02, and 0'3 are stresses in

direction 1, 2, and 3. In the case of plane stress, only Gland 0‘2 exist. So the equation

becomes,

1

ineld 2 aefic = (0'2 -0102 +022)/2 (A2]-2)

02

Von Mises Criterion

Gyield

“Gyield

+ 51 
 

 
‘Gyield
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Appendix A22

Examples of Lattice Models for Percolation Theory

(1) l-dimensional model

llllllllllllllll

(2) 2-dmensional model

 

Honeycomb Square Triangular

 

 

 

\AAA/

(3) 3-dimensional model

Diamond Simple Cubic

 

 

’.'

i"

w’f h

\-
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BCC FCC

(Body Centered Cubic) (Face Centered Cubic)

 

 

 

      
(4) Bethe Lattice (Infinite Dimensionality)

This figure shows a Bethe lattice with Z=3 (each site has 3 bonds), but Z can be 4,

5, 6, 7, Thus, the Bethe lattice is described as lattice with infinite dimensionality.
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Appendix A23

Site Percolation and Bond Percolation

Site Percolation Bond Percolation

 
 

 
 

 
 

 
 

9

be

 

  

              
Size of Cluster = Number of sites involved Size of Cluster = Number of bonds involved
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Appendix A24

Complex Exponential Functions

It is inevitably necessary to use sinusoidal signals when handling the calculations of

of AC circuit properties. Using trigonometric functions is straightforward, but it becomes

very complex and often unmanageable when the AC circuit has multiple components.

Instead, using complex exponential functions makes these calculations easy because

summation, subtraction, multiplication, and division of complex functions are also

complex functions, since rationalization can be used.

 

 
 

A = A.,.?” = A0(c056+isin6) (A24-1)

b where AO =x/a2 +b2 and (A24-2)

tan8=2,sin6=—b——, cosl9=—a—— (A24-3)

a a a2 +b2 a2 +b2

Substitute (A24-2) and (A24-3) into (A24-1) and summarize.

A = a + ib [Cartesian form] (A24-4)

Here consider a sinusoidal voltage source with angular frequency of (o and a current

response with phase delay (1) in a AC circuit. These can be represented as:

V : V0 cosfl‘ —-> V = Voem (A24-5)

I 2 I0 cos(&)? —- (b) —’ I = [Del-(map) (A24-6)

Thus, the impedance of the AC circuit, Z, can be written in complex form as;

 

v . V
K=—°.e"*”=—°— 1 , =—°—(cos¢—isin¢)=Z'-iZ" (A24-7)

I I0 10 cos¢+ism¢ I0

where Z’ is the real part of the impedance while Z” is the imaginary part.

276



Appendix A25

Circuit Models to represent Dielectric Properties of Gasses, Liquids, and Solids

 

  

  

Figure A25-1. Model Circuit for Resonator Molecule

(Gasses at low-pressure condition).

    

  
l ’W\/\/—

Figure A25-2. Model Circuit for Rotator Molecule in Condensed Condition

(Solids, Liquids, and Gasses at high-pressure condition).

277



Appendix A26

Relation between Impedance data and Dielectric Constants

  

 

    

Circuit 1 I I

Z2

Circuit 2    

Here consider this circuit as a parallel combination of two circuits, 1 and 2. Circuit

2 can be RC or LRC circuit. The charging current of this whole system can be written as:

1,. = 5%?— = iwcv .—_ iwerCOV (A26-1)

where C is the conductance factor of whole circuit, 8, is relative pemittivity, C0 is the

permittivity of vacuum and V is the voltage applied to the system. Now the conductance

term in AC circuit should represent not only migration of charge carriers, but also any

other energy consuming process, including conduction loss (occurred in resistor part) and

polarization loss. To express this loss current in addition to charging current, it is

necessary to introduce complex relative permittivity. [Appendix A24]

8, * = 8, '—ie, " (A26-2)

Now, the total current of this circuit can be written as;

1 = ‘Z—Q = iaJCV = We, * COV = mag—is," )COV = (we,"+iwe,')cov (A26-3)

I

And the admittance of circuit becomes;
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A = 5 = 1’08, * C0 = we, " C0 + iwer' C0 (A26-4)

Now assign the impedance of the whole circuit as Z*=Z’-iZ”. Then the admittance

can be written as;

A: 1. =_Z_f£_ (A26-5)
Z'_.IZ" th+Zl12

 

Compare (A26-4) to (A26—5), then we get;

" 2' Z"

8 = and 8 ’=
r m0(212+2112) r “0(2024-2112)

  (A26—6)

Z’ and Z” can be obtained experimentally, then e,’ and e,” can be calculated.

The real part of complex relative permittivity, sf, is called dielectric constant. This

factor is related to the polarizability of the material. A material with high dielectric

constant has lots of dopole moments including permanent dipolesdue to polar functional

groups. The imaginary part, 8.”, is called (dielectric) loss factor, which is related to the

energy loss (heat dissipation) in the circuit. Also loss tangent is defined as:

tan 6 = 8’ (A26-7)
8

 

!

r

where 5 is the phase difference between input voltage and output current and can be

determined experimentally. A material with large tan5 absorb energy and dissipate it as

heat more efficiently.
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Appendix A27

The Relaxation Spectrum: The interpretation of Dielectric Data by Molecular

Mechanism of Polarization

 

. . I |C1

Circuit]

  
 
 

  
Circuit 2 C2 W

Now consider this circuit as a combination of circuit 1 and 2. Then the impedance, Z,

and admittance, A,of each circuit can be written as:

i

 

 

 

The impedance of circuit 1: Z 1 =—— (A27-1)

0C1

1 ac. .
The admittance of circuit 1: A1 = Z— = - . 1 = szl (A27-2)

1 l

The impedance of circuit 2: 22 = R2 — —l—— = R2 + _ 1 (A27-3)

m2 IQCZ

The admittance of circuit 1: 1 1 (A27-4)
A2 = .2.— : —_—l—_

2 R2 + .
lez

The total admittance of parallel circuit is the sum of the admittances of the components,

thus, the total admittance of whole circuit, A. can be written as;

—1—1 (A27-5)

R2 + .
IWZ

AI=A1 +142 =iwCl +

 

280



Now consider a circuit written below;

Switch $

 

 

    

| I. ,2

If C2 is charged to voltage V0 and then circuit is shorted by closing the switch, a transient

voltage is observed. This voltage can be expressed by using a differential equation for

charge, Q, ;

R2 -— + -— 2V2 01' R2C2 Ef- + Q = C2V2 (A27-6)

The solution of this equation is;

 

  

1

V2 = V06 7 (A27-7)

where relaxation time 1: isexpressed as: T = R2C2 or R2 =—CT— (A27-8)

2

Now substitute (A27-8) into (A27-5) and summarize it.

1 l C C 1

A,=i(DC1+———=i&)C1+ =iw '—l'+—2— CO (A27-9)

R 1 ’Z' 1 C0 Co 1+ 1&7!

2 + . —+ .
IQCZ C2 lflCz

Here recall (A27-4): A 26:11:78, * C0 and compare this to (A27-9).
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 e,*= fl+9—2— 1 (A27-10)
CO CO 14'in

Here define the static dielectric constant, e,’, as 8,* when (1)—+0, and optical dielectric

constant, e...’, as 8,* when (1)—>00.

C CES.=_1+_2_
(A27-11)

C0 C0

80., '= £1- (A27-12)

C0

The physical meaning of the optical dielectric constant, 8...], is the permittivity

according to the polarization only due to the induced dipoles (atomic polarization,

Appendix A28), since under the condition of (1)—>00, the permanent dipoles don’t have

enough time to rotate and contribute to the dielectric constant. The static dielectric

constant, 8;, includes the polarization mechanisms due to both permanent and induced

dipoles. Thus, 8,’- 8...’ should include the permittivity only due to permanent dipoles. If a

material has a large 1:;- 8...’ value, it should have a lot of permanent dipoles or polar

functional groups.

Now (A27-10) can be rewritten as:

8 *- 8 WES—fl (A2713)

' °° 1+ia71

This is called Debye equation, which gives the basic concept of relaxation spectrum of

dielectric materials.

For condensed phase dielectric materials, the Debye equation should be modified

because the local electric field of condensed phase should be different from the applied

field. In this case, the equation becomes:
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e, — so, +——.— (A27-l4)

l+zwte

where I. is lengthened relaxation time due to modified local field.

Now the Debye equation for solids can be written as:

 

, 6 '—e.,.,' , e '—e.,.,' ,(e '-8°°')[0'T

e,*=[e.. +S—,—)=8.. +—"——2—2—-z S 2 2 e (A27-15)

1+1”Te 1+m re l+w re

Here compare this equation to (A26-2): 8, * = 8, '-i6, ".

 

' ' gs l_£oo 1

8. = 8... -—22- (A27-16)

1+0 re

,, (8 Leo, ')&71

8 = S e (A27-17)

1 + ((72162

Thus, the dielectric constant is related to polarization due to induced dipoles and

relaxation movement of permanent dipoles, while the loss factor is due to the relaxation

movement of permanent dipoles.

Now introduce a new variable X as:

e X = we (A27- 1 8)

Substitute (A27-l8) into (A27-16) and (A27-l7) and summarize them.

——.————, = —X——:X— (A27-19)

—'—j = T—Z—X— (A24-20)

The curves of these functions are shown below.
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Thus, if the property of a dielectric material can be expressed by Debye equation,

the relaxation spectrum of the materials should follow the shape of diagram shown

below.
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Appendix A28

Mechanisms of Polarization in Material

There are four types of mechanisms of polarization;

1. Electronic Polarization

A neutral atom has a positively charged nuclei surrounded by negatively charged

electron cloud. The electron cloud has symmetric shape and there is no overall

polarization. When an external electric field is applied, the electrons are displaced and

form distorted electron cloud, causing mismatch between the center of electron cloud and

the center of nuclei. Under this condition, an electric dipole is created. This is a first type

of induced dipole. This is the dominant polarization mechanism at high frequency

region, which is close to the ultraviolet range of electromagnetic spectrum. (1014 — 1016

Hz).

2. Atomic Polarization

When a molecule is made of two different kinds of atoms, usually they will not

share electrons symmetrically because of the difference in electron-negativity of both

atom. As a result, the electron cloud is displaced towards the atom(s) with higher

electron-negativity, causing negative charge while the other atom(s) acquire positive

charge. [Permanent dipole] An external electron field causes the extension, twisting, and

bending motion of molecule, creating displacement of charged atoms. This is a second

type of induced dipole. The atomic polarization occurs in the infra-red (10ll — 10'3 Hz) or

lower range of electromagnetic spectrum. Atomic polarization can occur in non-ionic

materials, but ionic materials show a lot more atomic polarization.
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3. Orientation Polarization

Permanent dipoles exist without external electric field, but usually they orient

randomly so that the overall polarization is zero under normal condition. When an

external field is applied, they experience torque and tend to orient in the field direction,

causing overall polarization. This polarization occurs in microwave range (3 x 108 — 3 x

10H Hz) or lower frequency

4. Space Charge Polarization (Interfacial Polarization)

When a material has charge carriers, they can migrate and cause macroscopic

polarization when an external field is applied. This occurs in radio frequency (103 — 10lo

Hz) or lower frequency range. This phenomena appears as an increase in the capacitance

of the material and is the fundamental polarization mode in semiconductors.

286



Appendix A29

Cole-Cole Plot

If dielectric constant, er’, and loss factor, 8r” obey the Debye equation, the plot 8,”

against a,” should show a semicircle. K. S. Cole and R. H. Cole first pointed it out in

1941. [C016, K. S., and Cole, R. H., “ “, J. Chem. Phys., 9, 341 (1941).] Here

rewrite Debye equation as:

(8, * —g.,° ') + i(£, * —£,,., Mn, 2 83 '—£,.,' (A29-1)

Here define u and v as:

 

u = (a, * —e.,, ') (A29-2)

v = (a, * -8. ')a77, (A29-3)

e,”

1

a7 =—

Te

8g—8m'

2

 

8r
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