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 Semiconductor die attach materials for high voltage, high reliability analog 

devices require high thermal conductivity and retention of dielectric strength. A 

comparative study of effective thermal conductivity and dielectric strength of selected 

thermoset/ceramic composites was conducted to determine the effect of ceramic 

particle size and ceramic particle loading on thermoset polymers. The polymer chosen 

for this study is bismaleimide, a common aerospace material chosen for its strength and 

thermal stability. The reinforcing material chosen for this study is a ceramic, hexagonal 

boron nitride. Thermal conductivity and dielectric breakdown strength are measured in 

low and high concentrations of hexagonal boron nitride. Adhesive fracture toughness of 

the composite is evaluated on copper to determine the composite’s adhesive qualities. 

SEM imaging of composite cross-sections is used to visualize particle orientation within 

the matrix. Micro-indentation is used to measure mechanical properties of the 

composites which display increased mechanical performance in loadings beyond the 

percolation threshold of the material. Thermal conductivity of the base polymer 

increases by a factor of 50 in 80%wt loadings of 50µm hBN accompanied by a 10% 

increase in composite dielectric strength. A relationship between particle size and 

effective thermal conductivity is established through comparison of experimental data 

with an empirical model of effective thermal conductivity of composite materials. 
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CHAPTER 1 

INTRODUCTION 

Inevitably electronic encapsulants and adhesives encounter extreme conditions in 

their service life that lead to device and system failures. Heat buildup and thermal 

cycling can quickly reduce a system’s lifetime. A mere excess of 10˚C in system 

operating temperature reduces device lifetime by at least one-half1. Moreover, complete 

delamination of adhesives and encapsulants can occur caused by the thermal expansion 

difference between dissimilar materials2,3. This has led to intensive studies on the effect 

of introducing ceramics and metals into polymer matrices, with a wide array of 

success4,5,6,7 to reduce thermal resistance of the composite materials and harmonize 

thermal expansion differences between electronic interfaces.  

A large disadvantage of solid polymer dielectrics is their relatively low thermal 

conductivity. A common option to increase the conductivity of a polymer is the use of 

natural or synthetic fillers8,9.  The selection of fillers is dictated by the need to improve 

the desired properties of the polymer or simply reduce the cost. Polymer composites 

with improved mechanical, thermal, & dielectric properties are widely used in very large 

quantities in variety of applications10.    

To improve the thermal conductivity of thermosets systems, thermally 

conducting but electrically insulating fillers, such as aluminum and magnesium oxides 

(Al2O3 and MgO), silicon dioxide (SiO2), boron and aluminum nitrides are used to 

enhance and reinforce the polymer matrix2-11. This work is a comparison of the effective 

thermal conductivity, dielectric strength, elastic modulus and fracture toughness of 
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hexagonal boron nitride (hBN) filled bismaleimide (BMI) composites with varied filler 

sizes and loadings as hBN has reported thermal conductivity higher than most readily 

abundant polymer filler materials. Figure 1.1 displays an apparent trend between filler 

size and filler loading on effective thermal conductivity of hBN reinforced BMI. As filler 

loading and average particle size increases so too does the effective thermal 

conductivity of the composite medium despite the intensive thermal conductivity of 

hBN; deviating from a linear relation in higher filler loadings of greater sized platelets. 

Figure 1. 1. Preliminary experimental data of multiple hBN sizes and loadings in BMI 

The experiments will define the dependence on the grade of boron nitride (size 

distribution and shape of the particles), as thermal conductivity of the particle 

reinforced composites can range from 0.2 up to almost 10 W/mK12. The filler influence 
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is determined by geometry, dispersion, filler type & size. To keep experimental variables 

to a minimum the platelet geometry of all fillers is common, dispersion is maximized by 

mechanical mixers, and uniform processing for low and high filler concentration is 

used13. 

The ideal composite encapsulant will have qualities of effective electrical insulation, 

excellent heat conduction, high material strength, resistance to moisture absorption, 

and a stability of properties over a wide range of temperatures. Hexagonal boron nitride 

possess these traits making it suitable for creation of polymer composites with ideal 

properties for high voltage electronic packaging. However, in order to determine the 

correct particle size and loading of the ceramic into the polymer a comparative study on 

the effect of ceramic filler size and loading in thermoset polymers is necessary to 

conclude on optimal reinforcement particle size and loading experimentally with 

simultaneous comparison of various representative models as a performance metric for 

hBN.   

1.1 Objectives of thesis 

The main goals of this work are to experimentally define the following 

ceramic/polymer composite properties and infer a relation between particle size and 

loading within these properties. 

• Effective thermal conductivity of the composite medium

• Dielectric breakdown strength
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The secondary goals of this thesis are to identify the mechanical properties of the 

composite through measurements of modulus of elasticity and asses the adhesive 

toughness of the composite applied to a copper interface. 

1.2 Thesis Outline 

A review of literature is presented in chapter 2. The subjects of review encompass 

thermal modelling and experimental measurements of thermal conductivity in 

contemporary composites, dielectric breakdown strength in polymer/ceramic 

composites, fracture toughness of these materials, and instrumented micro-indentation 

for determination of material mechanical properties.  

Chapter 3 provides explanation of the experimental methods, equipment and sample 

preparation used to measure the previously mentioned material properties. Experiments 

include hot-disk thermal conductivity measurements, direct dielectric breakdown 

strength determination, instrumented micro-indentation, scanning electron microscopy, 

and dual cantilever beam (DCB) tests of metals adhered with the composite adhesive. 

Chapter 4 is a synthesis of the experimental results, apparent trends, and 

conclusions for the prepared material. Thermal measurements are presented in 

comparison of fixed particle concentrations with varied platelet size, in an overlay of 

experimental data with a Nielsen model for low filler concentrations, and in all 

concentrations and platelet sizes for a view of the big picture. Dielectric breakdown 

strength is similarly presented. Mechanical properties of selected composites are 

presented in low (20%wt) and high (80%wt) filler loadings and DCB testing is analyzed 

in similar loadings but only where adhesion of the composite was possible.  
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CHAPTER 2      

REVIEW OF LITERATURE 

2.1 Thermal Properties of Polymer/Ceramic Composites 

The prediction and determination of a composite’s thermal conductivity is valuable 

knowledge in the context of its application. The intended purpose of using a ceramic 

filled polymer to increase thermal conductivity of the medium is to decrease thermal 

resistance of an adhesive without compromising dielectric strength of the material. The 

drive to increase adhesive thermal conductivity coincides with the increasing power 

density of electronic devices. Increasing power density in return means greater heat 

generation which necessitates greater thermal conductivity of surrounding components 

for effective heat dissipation and increased system life. Thus, we arrive at the use of 

ceramic fillers to increase thermal conductivity of polymer adhesives. Table 2.1 presents 

a summary of previously achieved composite thermal conductivities using hexagonal 

boron nitride and similar materials as thermal modifiers. The individual polymer and 

ceramic thermal conductivities are listed and the effective thermal conductivity achieved 

with its filler loading are presented.  
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Table 2. 1. Reported thermal conductivity of selected composites and their individual components 

Previously Achieved Thermal Conductivity in Polymer/Ceramic Composites 

Reference Material λ 
(W/mK) 

λ_max 
(W/mK) 

Maximum 
Vol % 

Tanimoto14 

sBPDA 0.27 

17.5 60 

4,4' Diaminodiphenlether (ODA) 0.27 
p-phenylenediamine (PPD) 0.27 
N,N'-Dimethylacetamide (DMAc, 
anhydrous) 
hexagonal Boron Nitride (hBN 10,50,90µm) 200.00 

Ishida15 
polybenzoxazine (Bisphenol,A-
methylamine) 0.50 32.5 78.5 
hBN (grade HCJ48 225µm) 266-284 

He16 linear-phenolic aldehyde 0.20 1.7 45 
Silicon Nitride (Si3N4 5-10µm rod-like) 43.00 

Hsiao17 
polybutylene terephthalate (Crastin®) 0.24 

1.12 20 
hexagonal Boron Nitride (PT110) 266-284 

Zeng18 

4,4' Bismaleimidodiphenylmethane 0.20 

1.11 50 2,2'-bis (4-cyanatophenyl) propane 0.20 
2,2' diallyl bisphenol A 0.20 
hexagonal Boron Nitride (avg size 1µm) 250.00 

As seen in table 2.1, Tanimoto14 et al achieved a maximum thermal conductivity of 

17.5 (W/mK) at 60%vol of mixed hBN (10,50,90µm) in a flexible sBPDA-ODA PI (OD) 

thin film using the pulsed laser method to determine this value. Ishida15 et al achieved 

a maximum thermal conductivity value of 32.5 (W/mK) at 78.5%vol of 225µm hBN in 

polybenzoxazine, also using the laser flash method to determine this value. He16 et al 

achieved a maximum thermal conductivity value of 1.7 (W/mK) at 45%vol of 5-10µm 

rod-like Silicon Nitride in linear-phenolic aldehyde epoxy using a lab-made steady state 

TC measurement system. Ng17 et al achieved a max thermal conductivity value of 1.12 

(W/mK) at 20%vol of 8-14µm hBN in PBT, once again using the pulsed laser method to 
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determine this value. Zeng18 et al achieved a max thermal conductivity value of 1.11 

(W/mK) at 50%vol of 1µm hBN in Bismaleimide-triazine resin using a guarded heater 

meter apparatus (steady state method). 

As we see, there exists a great range of possibly achievable thermal conductivities in 

composites which are highly dependent on measurement methods, sample preparation, 

as well as matrix & particle properties19,20,21,22,23. But the most intriguing value was 

achieved with hexagonal boron nitride supplied by Advanced Ceramics with a reported 

thermal conductivity of 266 to 284 (W/mK) in the hBN itself. As will be seen later in 

chapter 4, the materials obtained from this supplier performed exceedingly well in the 

selected thermoset polymer matrix for this work.  

2.1.1 Thermal Model 

The Lewis & Nielsen Semi-Theoretical model24 is used to describe the effective 

thermal conductivity of the polymer/ceramic composite in concentrations of 0 to 

50%vol filler loading. The model is a modified Halpin-Tsai25,26,27 equation that has 

additional factors that relate to the packing coefficient and relative conductivity, B, of 

the system components16. The equation is defined as: 

𝜆𝜆𝑒𝑒
𝜆𝜆1

=
1 + 𝐴𝐴𝐴𝐴𝐴𝐴
1 − 𝐴𝐴𝐴𝐴𝐵𝐵

𝐴𝐴 = 𝑘𝑘𝐸𝐸 − 1 

𝐴𝐴 =
𝜆𝜆2 𝜆𝜆1 − 1⁄
𝜆𝜆2 𝜆𝜆1 + 𝐴𝐴⁄ ;  𝐵𝐵 ≈ 1 + �

1 + 𝐴𝐴𝑚𝑚
𝐴𝐴𝑚𝑚2

� 𝑣𝑣2 



8 

where λ is the thermal conductivity, kE Einstein coefficient, ψ is a function related to the 

maximum packing fraction, φm, of the filler, v denotes the volume fraction, and 1,2, & e 

designate the polymer, filler and composite, respectively. The values of A and φm are 

found in a table in reference28 based on certain assumptions of particle shape and 

orientation that are implemented as interpretations of SEM imaging presented in 

chapter 4. Aspect ratio of rod-like particles is varied to represent the 3 sizes of fillers 

used in our experiments resulting in a relatively accurate approximation of effective 

thermal conductivity of a composite with different filler sizes and random orientation 

within a polymer matrix when compared with experimental data. Aspect ratios of 2, 10, 

and 15 are used to represent the 0.07, 1, and 50μm platelets used in the experimental 

sections, respectively. Table 2.2 displays the constants used within the previous 

equations to calculate effective thermal conductivity of our medium, and as the rods are 

randomly oriented in three dimensions, φm is taken to be constant at 0.5228. 

Table 2. 2. Constants used in numerical approximation of composite thermal conductivity 

Type of dispersed phase 
Direction 
of heat 

flow 
A 

Randomly oriented rods Any 1.58 
Aspect Ratio=2 
Randomly oriented rods 

Any 4.93 
Aspect Ratio=10 
Randomly oriented rods Any 8.38 
Aspect Ratio=15 
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2.2 Dielectric Strength 

Properly characterizing dielectric breakdown strength of a polymer/ceramic 

composite is of importance for its use as an adhesive for both die attach and 

encapsulation purposes. Increasingly, high voltage systems are becoming more 

compact; coinciding with this reduction of system size is the reduction of die attach and 

encapsulant layer thickness. High voltage punch through and subsequent device failure 

ensue if the material can’t sufficiently isolate the flow of charge29. Hexagonal boron 

nitride can significantly modify the breakdown strength of a polymer because of its low 

electrical conductivity, ease of dispersion into a matrix, plate like shape, and low 

dielectric constant30. Experimental measurements of dielectric breakdown strength with 

varied particle sizes and loadings are presented in chapter 4, but many attempts have 

been made to theoretically describe the breakdown strength of polymer/ceramic 

composites. 

There are two scales of interest in breakdown modelling. Electron avalanche 

breakdown models are used for thin films, gate oxides, and similar sub-micron 

electronic devices while continuum theoretical models are needed for high voltage 

macroscopic components like X-ray tubes or sparkplugs31. The macroscopic dielectric 

breakdown model assumes that electrical trees grow stepwise in increments of 5-10μm, 

with an inter-electrode gap of 1-2mm, until punch through occurs or charge 

accumulation decreases29, and that the probability, P, of tree channel growth is 

proportional to the electric field strength, Eelec, to the nth power (i.e. P~En) with values 

of n as less than two29.  
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The second scale of modeling occurs at the quantum level. The quantum breakdown 

model assumes that breakdown occurs as an avalanche wherein breakdown channels 

damage a material in areas of localized intense electric field eventually producing new 

channels. Thus, damage caused by an avalanche is proportional to the number 

electrons produced by the breakdown29. The reality of breakdown is far more complex 

as multiple factors can effect breakdown strength. Absorbed moisture drastically 

reduces dielectric strength in polymer/ceramic composite and material thickness also 

influences strength (i.e. thin films have a higher breakdown strength. For example, 

100kV/mm at 10μm thickness may reduce to 50kV/mm at 1mm thickness)31. The 

experimental composite material has targeted applications as an adhesive for 

electronics, as such the assumptions of modeling are simply reviewed. The dielectric 

breakdown strength is directly measured to supersede modeling assumptions, and 

presented in chapter 4. Table 2.3 displays dielectric breakdown strength found in 

literature for common comparable dielectric materials.  
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Table 2. 3. Dielectric breakdown strength for contemporary composite materials 

Comparison of Dielectric Breakdown Strength for Materials 

Reference Material 
Breakdown 
Strength 
(kV/mm) 

Neusel31 
BaTiO3 100 
TiO2 250 
Al2O3 800 

Okamoto32 
High Density Polyethylene 325 
HPE+10 to 50%wt Boron Nitride 300 

Schuman33 
Epoxy (Epon 828) 240 
Epoxy+5%vol TiO2 30 to 40nm diam 302 

Song34 
Epoxy (TED85+DETDA) 40 
Epoxy+BaTiO3 nanofiber 200 
PVDF 210 

Virtanen35 
Polypropylene 500 
PP+ 5 to 10%vol CaCO3 600 

As seen in table 2.3, the general trend shows Al2O3, a ceramic, to have the greatest 

dielectric breakdown strength (diamond is higher but not listed here) and that, with 

exception to Okamoto et al, adding ceramic fillers to polymer matrices does indeed 

increase the dielectric strength in the composite material36.  

2.3 Instrumented Indentation 

The elastic modulus of the polymer/ceramic composites was determined using an 

Instrumented Vickers Hardness testing device (Shimadzu DUH). Instrumented 

indentation, first developed in 1992, has become a primary technique for determining 

mechanical properties of thin films and materials with small structural features because 

mechanical properties can be directly determined from indentation force and 

displacement measurements37. 
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2.4 Adhesive Fracture Strength 

Adhesive fracture strength of selected composites was determined using ASTM 

standard D5528-0138. The test method determines fracture strength of an adhesive 

through cleavage testing bonded specimens, using BMI reinforced with hBN as the 

adhesive, so that a crack is made to extend by a tensile force normal to the crack’s 

surface. 

The experimental measurements serve to develop quantitative terms of the effect of 

adhesive composition, processing variables, and environmental effects by measuring 

the resistance of a material to slow-stable or run arrest fracture in a stable environment 

when a tensile load is applied to a specimen with a sharp crack at the leading edge of 

the adhesive bond38. Table 2.4 displays a list of common mode I adhesive work of 

fracture values found in literature. 

Table 2. 4. Mode 1 work of fracture of laminated and particle reinforced composites 

Comparison of Mode I Fracture Toughness of Common Adhesive Materials 

Reference Material Work of Fracture 
(J/m^2) 

Mehrabadi39 50%vol E-Glass woven+ML-506 (Epoxy) 1500 

Wei40 
Cycom BMI 160 
BMI+20%wt PPO 250 

Katsiropoulos41 Epibond 1590 A/B 125 
LBM Epoxy 250 

Ramsaroop42 Polypropylene 16 
PP+Cloisite15A 48.3 

Tummala43 
Fullerenes 0.5 
Poly(3-hexylthiophene) (P3HT)+Fullerenes 19.7 

Ghasemnejad44 40%vol Glass fiber reinforced polymer 800 
42%vol Carbon fiber reinforced polymer 1000 
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Work of fracture is seen to be highest in fiber reinforced composites ranging from 

800 to 1500 (J/m2), while moderate improvements are seen in particulate reinforced 

polymers. Noteworthy is the toughening effect of PPO on BMI and montmorillonite 

(MMT) on polypropylene. This is significant because the polymer matrix of the 

experimental section is BMI and MMT has a similar plate-like geometry as that of 

hexagonal boron nitride which is the experimental ceramic in question. Thus, 

improvements of the thermoset matrix are indeed possible through addition of energy 

dissipating ceramic fillers.  
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CHAPTER 3      

EXPERIMENTAL METHODS & SAMPLE PREPARATION 

3.1 Thermal Conductivity 

3.1.1 Thermal Conductivity Sample Preparation 

Testing of thermal conductivity was conducted on 4 individual samples of each 

filler concentration and platelet size. The preparation of the composite in all filler 

loadings begins with the preparation of the bismaleimide (BMI) provided by Cytec 

Materials (CYCOM 5250-4 RTM Resin System, a three part liquefying BMI). The BMI was 

refined into an ultrafine powder using a cryogenic mill for the purpose of evenly 

dispersing into hexagonal boron nitride. Cryogenic refinement is necessary as the BMI 

begins to melt at room temperature and absorb moisture in its uncured state. Liquid 

nitrogen both dries the BMI and allows any filler loading to be introduced evenly into 

the polymer matrix through mixing of similarly phased materials45.  

The particulate reinforcement, and thermal modifier of the experiment was 

hexagonal boron nitride (hBN) obtained from Momentive Performance Materials in 

grades designated NX1 (1μm average platelet size), & PT110 (50μm average platelet 

size) and Lower Friction supplied the 0.07μm platelets. Table 3.1 summarizes the 

material properties provided by the suppliers. Figure 3.1 displays SEM images of the 

filler materials in their unaltered state.  
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Table 3. 1. Supplier reported material properties 

Filler Material Supplier 
Particle 

Size 
(μm) 

%total T.C. 
(W/mK) 

Density 
(g/cc) 

Tap 
Density 
(g/cc) 

Surface 
Area 

(m^2/g) 
Hxgnl Boron 

Nitride 
Lower 
Friction 0.07 100 33.5 2.3 - - 

Hxgnl Boron 
Nitride Momentive 1 100 - 2.3 0.13 17.65 

Hxgnl Boron 
Nitride Momentive 

21.9 30 
- 2.3 0.69 0.70 47.8 30 

77.3 40 

Figure 3. 1. Unaltered hBN, 0.07, 1, & 50μm platelets- from left to right 

The powdered BMI is added to the hBN within a beaker according to the weight 

fraction of preparation. Volume fraction of filler is given by:  

𝑉𝑉𝐹𝐹 =
𝑤𝑤𝑤𝑤𝐹𝐹 𝜌𝜌𝐹𝐹⁄

𝑤𝑤𝑤𝑤𝐹𝐹 𝜌𝜌𝐹𝐹⁄ + 𝑤𝑤𝑤𝑤𝑀𝑀 𝜌𝜌𝑀𝑀⁄

where F denotes the filler, M the matrix, wf defines the weight fraction, and ρ the 

density (here we use ρF=2.2g/cc & ρM=1.25g/cc). Figure 3.2 illustrates the relation 

between hBN filler volume and filler weight. 
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Figure 3. 2. HBN filler % volume against hBN filler % weight 

 The beaker’s contents are then stirred in a liquid nitrogen bath to prevent the 

friction of stirring from heating and melting the BMI. Stirring is complete once a 

homogeneous powder is seen.  

The uncured, powder composite is then placed in a cylindrical mold 40mm in 

diameter and 50mm in depth with a removable bottom steel plate. The mixture is then 

heated within the molding tool on a compression molding press for 45 minutes from 

room temperature to 200˚C. After 45 minutes of heating a 40mm diameter cylinder of 

60mm in length was used to compress the mixture within the mold with an applied load 

of 10,000 lbs. The pressure was maintained and the temperature was increased to 

210˚C and held steady for 10 hours. Samples were then removed from their molds and 

polished. Polishing began with 180grit sand paper on a Buelher Ecomet 3 auto polisher 

and increased successive grits until 1200grit was reached and a flat surface (+/- 20nm) 

was achieved on the samples. The samples were then put into an oven for 2 hours at 
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210˚C under flowing nitrogen to remove moisture potentially encountered in polishing. 

Samples for testing of thermal conductivity typically ranged between 9 to 12mm in 

thickness. The minimum sample thickness permissible to test within our testing 

apparatus was 6.5mm. 

3.1.2 Thermal Conductivity Testing & Apparatus 

The thermal conductivity in the axial and radial direction of the samples was taken 

using a Hot Disk TPS 1500 Thermal Conductivity System (figure 3.3). A thin-film heating 

element (“Hot Disk Sensor”) was placed between two identical samples and enclosed 

inside an adiabatic chamber as seen in Figure 3.4. The thin film heating element acts as 

both a heater and a resistance temperature detector. Power is applied at a fixed rate 

during testing and the machine records temperature increase with time. With a known 

sample geometry, temperature increase is used to determine the bulk thermal 

conductivity and volumetric specific heat of the sample. Volumetric specific heat and 

sample geometry are then updated within the testing system and anisotropic 

measurements of thermal conductivity were carried out. 
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Figure 3. 3. Hot Disk thermal conductivity testing device 

Figure 3. 4. Sample configuration around the heating element/RTD 

  All thermal conductivity values were obtained at room temperature. The reported 

values are corrected for porosity. The difference between theoretical and experimental 

composite density was measured and porosity was taken to be the missing fraction of 

the material. The measured effective thermal conductivity of the composite was scaled 

by the porosity percentage then added to the original value to represent corrected 

thermal conductivity. 
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3.2 Dielectric Breakdown Strength 

3.2.1 Dielectric Breakdown Sample Preparation 

Determining dielectric breakdown strength is a destructive test. At minimum, 

samples are punctured. The worst case scenario involves cracking or combustion of the 

sample, so dielectric strength samples are derived from thermal conductivity samples 

created as described in section 3.1.1. 

After thermal conductivity of the sample is measured, a band saw is used to cut the 

sample into 2mm thick slices, somewhat resembling poker chips, of 40mm diameter. 

The DC power source used in this experiment has a maximum voltage output of 10kV, 

as such it was necessary further reduce the thickness of our samples to increase 

resolution of the test. This reduction in thickness was achieved using the polishing 

wheel again to reduce sample thickness to a range of 200 to 300μm. Samples were 

subsequently dried at 110˚C for 24 hours to remove moisture accumulated from 

polishing and allowed to return to room temperature before testing. 

3.2.2 Dielectric Strength Testing & Apparatus 

The dielectric strength was measured using a Shen Zhen Autostrong Dielectric Test 

Instrument (AUTO-KD Dielectric Strength Tester) with a Haefely Hipotronics AC 

dielectric test set- model 710-5A6-B as the power source (DC output was utilized) in 

ambient conditions between 0.1kV and 10kV in accordance with ASTM D 149 – 200446. 

Cylindrical electrodes of 6.3mm diameter are placed in contact with sample surface 

normal to the through thickness of the sample. Testing began at 0.1kV and slowly 

increased at a rate of 2kV/min until breakdown occurred. Breakdown was characterized 
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by short-circuit of the voltage supply wherein the breaker on the Haefely was thrown. A 

maximum current of 3mA was applied for 10 seconds when the potential of 10kV was 

reached. If breakdown did not occur, sample thickness was reduced or the value was 

reported as greater than when a material was too brittle to further reduce thickness. 

3.3 Instrumented Indentation 

The elastic modulus of the BMI/hBN composites was determined using an 

Instrumented Vickers Hardness testing device (Shimadzu DUH). Once again, a polished 

surface was necessary for the indentation measurement’s consistency. Instrumented 

indentation would ideally be evaluated after thermal conductivity and before dielectric 

strength is measured as it is a non-destructive test method. 

Figure 3.5 displays the basic principle of obtaining the modulus of elasticity from the 

load displacement curve. The elastic unloading stiffness (also named contact stiffness), 

S, is the derivative of load with respect to displacement of the upper portion of the 

unloading curve. The maximum force, Pmax, and maximum displacement, hmax, must 

also be accurately measured to obtain modulus of elasticity. The measured contact 

stiffness, elastic modulus, and contact area, A, are related by37: 

𝑆𝑆 = 𝛽𝛽
2
√𝜋𝜋

𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒√𝐴𝐴 

where Eeff is the effective elastic modulus defined by: 

1
𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒

=
1 − 𝑣𝑣2

𝐸𝐸
+

1 − 𝑣𝑣𝑖𝑖2

𝐸𝐸𝑖𝑖
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to account for both the displacement in the material as well as the indenter. Ei and vi 

denote the Young’s modulus and Poisson ratio of the indenter, respectively. Also, β is a 

dimensionless parameter, usually taken as unity, but may be varied to account for 

variations in stiffness resulting from lack of symmetry in pyramidal indenters37.

Figure 3. 5. Typical force-displacement curve obtained from micro-indentation 

The indentation test force was 1(N) applied at a rate of 23.3 mN/s. The load was 

held for 10 seconds at the peak force and 5 seconds at the unload line. A minimum of 5 

tests were conducted on each sample to obtain the modulus of elasticity for the 

composites in 20, 30, 70, and 80wt% loadings of all platelet sizes. 

3.4 Scanning Electron Microscopy 

Scanning electron microscopy was conducted on a FEI Quanta ESEM. Samples were 

prepared so that the cross-section and plane parallel to compression in molding could 

be visualized. Samples were prepared by the procedure of section 3.1.1. Once the 

composite was formed, the sample was cut with a band-saw to reveal the sample’s 

cross-section. This cross-section slice was placed in a sample mount and encapsulated 
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in epoxy for polishing. A specimen of the plane parallel to compression was mounted in 

similar fashion.  

Polishing began with 180grit sandpaper and successively increased to 1200grit. 

Silica particles of 5μm and 1μm diamond platelets were used for final polishing. The 

polished samples were cut from their molds to a size of 7x7x2mm for mounting onto 

SEM stubs. However before mounting, the samples were sonicated, first in ethanol then 

deionized water for 10min, to remove any debris accumulated during polishing. The 

mounted samples were coated with PdAu in a Gatan Precision Etching Coating System 

(Model 682) to create a conductive surface on the dielectric composite. 

3.5 Adhesive Fracture Toughness 

3.5.1 Adhesive Fracture Toughness Sample Preparation 

ASTM standard D5528-01 was the basis of adhesive fracture toughness sample 

preparation. Neat BMI, 20 and 30wt% 0.07, 1 & 50μm hBN in BMI, and 70 & 80wt% 

50μm hBN in BMI successfully adhered to copper plates. Samples composed of 70 & 

80wt% 0.07 & 1μm hBN in BMI were attempted but failed as a large increase in platelet 

surface area is observed by reducing platelet size. This lead to a composite that would 

not adhere to copper in high filler loadings of the smallest particles. A notched 3 point 

bend specimen could reveal the material fracture toughness but this does not tell us of 

the adhesive qualities of BMI/hBN on copper.  

The samples were created by first preparing the adherents’ surface. Two 

100x125x1mm copper plates were polished and cleaned for each preparation. A 
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channel was scoured on both the plates so that a line divided the sample in two halves. 

An aluminum foil spacer of 30μm in thickness was fixed to the channel so that the 

composite would only adhere half of the sample; creating a 62.5mm initial opening 

length in the samples. 2 grams of the uncured, powdered composite was evenly 

distributed on the uncovered half of the Cu plate, then the second plate is pressed on 

top of the foil/powdered composite layer creating a bulk, half-cracked DCB specimen 

from which smaller beams are later cut. The compression molding machine was used to 

heat and press the plates. Heat was applied for 45 minutes at 200˚C then load from the 

press was increased to 10000lbs and maintained while temperature was increased to 

210˚C and held steady for 10 hours. The plates were then machined into strips 25mm 

wide by 125mm in length and piano hinges where adhered to the ends of each strip so 

that load may be applied normal to the direction of crack propagation. 

3.5.2 Adhesive Fracture Toughness Testing & Apparatus 

A Shimadzu AGS-X Autograph tensile testing device equipped with a 10kN load cell 

was used to tear the adhesive fracture specimens and measure load required to crack 

the adhesive. Loading was maintained at a rate of 2mm/min. An optical microscope was 

used to watch the crack tip propagate. A marker was used to mark each point of 

observable crack arrest. The length of each crack was then measured with a caliper and 

translated to its corresponding load. The adhesive work of fracture, as defined by the 

Modified Beam Theory Method, from the load to initiate a crack, G1c, in (kJ/m2 - energy 

fracture) is defined by: 
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𝐺𝐺1𝑐𝑐 =
3𝑃𝑃𝑃𝑃
2𝑏𝑏𝑏𝑏

where P is the load to initiate a crack in (Newton), δ is the load point displacement 

(mm), b is the specimen width (mm), and a is the crack length (mm). Also, work of 

fracture is directly proportional to fracture toughness (MPa*m0.5 – stress fracture) of the 

composite squared divided by its tensile modulus (i.e. 𝐺𝐺1𝐶𝐶 ∝ 𝐾𝐾𝐼𝐼2 𝐸𝐸⁄ ). 

3.6 Brunauer Emmett Teller (BET) Surface Area Analysis 

The hexagonal boron nitride particle surface area per mass was measured with a 

Micromeritics 3 Flex Surface Characterization device. The measurement was carried out 

on hBN platelets of 0.07, 1, & 50μm. The ceramic powders where dried in an oven at 

275˚C for 36hrs prior to drying within the vacuum testing vials for 48hrs at 275˚C. 

Testing was conducted at cryogenic temperatures. 
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CHAPTER 4      

RESULT & DISCUSSION 

4.1 Thermal Conductivity 

4.1.1 Influence of Particle Size on Effective Thermal Conductivity 

Figure 4.1 & table 4.1 illustrates the axial thermal conductivity of the 0.07, 1, and 

50µm hBN in BMI in 20, 30, 70 & 80%wt filler concentration. As the figure suggests, 

low filler concentrations display lower variation in thermal conductivity across varied 

particle size. We see a 30% increase in thermal conductivity from the 1 to 50µm 

platelet in 20%wt concentration. This suggests that the polymer matrix is dominating 

heat transfer in low filler concentrations and that particle size has less effect on thermal 

conductivity than the matrix itself in low filler concentrations.

Figure 4. 1. Effective axial thermal conductivity for all hBN particles in 20, 30, 70, 80wt% loadings in BMI 
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Table 4. 1. Experimental thermal conductivity of all samples with error 

Average 
Filler Size 

(µm) 

Filler Content 
(wt%) 

Axial Thermal 
Conductivity 

(W/mK) 

Standard 
Deviation 

0 0 0.19 0.00 
50 20 0.60 0.01 
50 30 0.98 0.01 
50 70 5.36 0.01 
50 80 10.03 0.16 
1 20 0.41 0.02 
1 30 0.70 0.01 
1 70 4.26 0.10 
1 80 6.37 0.01 

0.07 20 0.355 0.00 
0.07 30 0.504 0.04 
0.07 70 1.654 0.02 
0.07 80 2.800 0.01 

Figure 4. 2. Effective axial thermal conductivity of 20wt% 0.07, 1, & 50um hBN in BMI 
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Figure 4. 3. Effective axial thermal conductivity of 30wt% 0.07, 1, & 50um hBN in BMI 

Figure 4. 4. Effective axial thermal conductivity of 70wt% 0.07, 1, & 50um hBN in BMI 
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Figure 4. 5. Effective axial thermal conductivity of 80wt% 0.07, 1, & 50um hBN in BMI 

However, the story appears different for the influence of particle size on thermal 

conductivity in high filler loadings. An 84% increase in T.C. is observed between the 

1µm and 50µm hBN in the 80%wt filler loading composite. From these figures, the 

conclusion may be drawn that as filler size increases so too does the effective thermal 

conductivity of the composite, and that filler size has less effect in low filler loadings 

due to the matrix’s influence on heat transfer than in high loadings were the ceramic 

dominates heat flux47. While filler size has effects on the T.C. of the composite, filler 

size does not appear to drastically increase or decrease dielectric breakdown with filler 

size or concentration. Figure 4.6 is an overlay of the measured experimental data with 

the predictions of the Nielsen equation with varied aspect ratio, rod-like fillers. 
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Figure 4. 6. Overlay of experimental data on Nielsen semi empirical model for varied aspect ratio fillers 

4.1.2 Influence of Particle Loading on Effective Thermal Conductivity 

As seen in figure 4.7, at a 20%wt filler loading of 50µm hBN little orientation is 

apparent in either the cross-section or the plane parallel to applied pressure. Thermally 

conductive networks of hBN are not yet forming in this low concentration of filler for 

this size of platelet. However, the largest platelet gave the greatest increase in base 

thermal conductivity of the resin at a 217% increase. It is known that the larger platelet 

has less surface area than its smaller sized constituents. This reduced surface area 

implies that interfacial scattering is less in the 50µm platelet than that of the 0.07µm 

platelet and thus the larger platelet gives higher effective thermal conductivity in all 

particle loadings. 

 Figure 4.9 shows the cross-section and the plane parallel to applied pressure of 
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effective thermal conductivity of 10 (W/mK) is achieved in this loading. The lighter 

regions are cross-sections of hBN platelets where the darker regions correspond to the 

BMI. The lighter regions are connected through many continuous networks. This shows 

that high filler loadings, past the percolation threshold, form thermally conductive 

networks through contact with alike particles to reduce heat loss through dissimilar 

phased materials.

Figure 4. 7. Left- view from plane parallel to applied pressure & right- cross section view of 20wt% 50um 

hBN in BMI 



31 

Figure 4. 8. Left- view from plane parallel to applied pressure & right- cross section view of 80wt% 50um 

hBN in BMI 

Figure 4. 9. Left- view from plane parallel to applied pressure & right- cross section view of 80wt% 1μm 

hBN in BMI 
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4.2 Dielectric Breakdown Strength 

4.2.1 Influence of Particle Size on Dielectric Breakdown Strength 

Figures 4.10 thru 4.14 and table 4.2 illustrates the dielectric breakdown values 

achieved in 0.07, 1, and 50µm hBN in concentrations of 20, 30, 70, and 80%wt filler 

loading. Compared to the original value of the unaltered polymer and the experimental 

error for the composite samples, little difference is apparent between the values of the 

polymer and composite but the conclusion may be reached that increasing particle size 

or particle loading has minor enhancing effects on the dielectric breakdown strength 

and that nanoparticles show dielectric strength advantages over similar micro-particle 

reinforcement. The polymer will retain its dielectric strength and random particle 

distribution may trap or channel charges on the hBN surface to deviate from the original 

value slightly. 
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Figure 4. 10. Dielectric breakdown strength for all hBN particles in 20, 30, 70, 80wt% loadings in BMI 

Table 4. 2. Experimental dielectric breakdown strength summary 
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Filler Content 
(wt%) 

Dielectric 
Breakdown 
Strength 
(kV/mm) 

Standard 
Deviation 

0 0 18.07 0.13 
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0.07 80 35 5.24 
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Figure 4. 11. Dielectric breakdown strength of 20wt% 0.07, 1, & 50um hBN in BMI 

Figure 4. 12. Dielectric breakdown strength of 30wt% 0.07, 1, & 50um hBN in BMI 
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Figure 4. 13. Dielectric breakdown strength of 70wt% 0.07, 1, & 50um hBN in BMI 

Figure 4. 14. Dielectric breakdown strength of 80wt% 0.07, 1, & 50um hBN in BMI 
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4.2.2 Influence of Particle Loading on Dielectric Breakdown Strength 

Figure 4.10 brings greatest insight into the influence of particle loading on dielectric 

breakdown strength. It may be observed that greater reinforcement is achieved in high 

filler loadings than in low filler loadings. As ceramics have, in general, greater dielectric 

strength than thermoset polymers, this is consistent with intuition. The higher ceramic 

content begins to emulate the dielectric strength of its pure ceramic component, but 

falls shorts as the particulate structure does not have the continuous crystal structure of 

a pure ceramic component. A highly crosslinked thermoset polymer, such as BMI, is 

more susceptible to breakdown in its pure form because rigid chains break at a lower 

potential difference in charge. The incorporation of a particulate into the matrix acts as 

a brace or path of divergence for charge accumulation. Therefore, higher breakdown 

values are achieved with greater reinforcement loadings.  

4.3 Instrumented Indentation 

Table 4.3 displays the modulus of elasticity as measured by instrumented micro-

indentation for neat BMI, and all composites of varied filler size and loading. The 

0.07μm hBN provides the greatest mechanical reinforcement of the BMI matrix in both 

20 & 70wt% loadings with increases of 5% and 151%, respectively, over the unaltered 

BMI. The 1 & 50μm hBN in BMI potentially weaken the BMI matrix in 20 & 30wt% 

loadings, while a 145% and 17% increase are measured in 70wt% 1 & 50μm hBN in 

BMI, respectively, & a 31% and 47% increase are measured in 80wt% 1 & 50μm hBN 

in BMI, respectively, when compared with the original BMI matrix. 
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 Figure 4.15 displays the indentation force vs penetration depth from the micro-

indentation data obtained for one load/unload cycle in pure BMI, while figure 4.16 

displays the indentation force vs penetration depth for 70wt% 0.07μm hBN in BMI. 

Such behavior is observed in composites with filler materials well beyond the 

percolation limit48. The slope of the unloading line in figure 4.16 is much greater than 

that of figure 4.15 which accounts for the 151% increase in modulus over the original 

thermoset. Appendix A, figures A.1 to A.11, contain the remaining graphs yielded from 

the instrumented indentation experiments. 

Table 4. 3. Modulus of elasticity for high and low filler loadings of hBN in BMI 

Matrix Filler size 
(μm) 

Filler 
loading 
(wt%) 

Modulus of 
Elasticity 

(Gpa) 

Standard 
Deviation 

BMI - - 5.37 1.6 
BMI 0.07 20 5.65 1.73 
BMI 1 20 4.25 0.91 
BMI 50 20 4.41 0.38 
BMI 0.07 30 5.03 1.57 
BMI 1 30 4.77 1.60 
BMI 50 30 4.69 1.08 
BMI 0.07 70 13.49 1.69 
BMI 1 70 13.19 2.77 
BMI 50 70 6.28 1.05 
BMI 0.07 80 12.03 1.55 
BMI 1 80 7.05 0.68 
BMI 50 80 7.93 0.67 
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Figure 4. 15. Micro-indentation load/unload curve for neat BMI 

Figure 4. 16. Micro-indentation load/unload curve for 70wt% 0.07um hBN in BMI 
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revealed by particle surface area analysis in section 4.5, the 70 & 80%wt 0.07 & 1μm 

hBN in BMI adhesive samples were attempted but the composite failed to adhere to 

copper, even under extreme pressure from the compression molding press. A steady 

trend appears in the table however. We see fracture toughness increase from the neat 

BMI with both 1 and 50μm hBN, where 50μm hBN has greater reinforcing effect than 

1μm hBN. We may infer that crack propagation is arrested more effectively from the 

larger hBN platelet. In contrast to this inference, we see that 20wt% 0.07μm hBN has 

the greatest reinforcing effect of the low filler loading samples. Figure 4.17 displays the 

load versus extension for the DCB specimens, wherein we clearly see cracks initiating 

and arresting in all specimens. Appendix A, table A.1, contains the crack lengths and 

loads used in determining the fracture toughness values.  

Table 4. 4. Adhesive fracture toughness results for selected composites 

Fracture Toughness Summary 

Matrix Particle 
Size (μm) 

Particle 
Loading 
(wt%) 

Adhesive Fracture 
Toughness 

(MPa*m^1/2) 

Standard 
Deviation 

BMI - - 0.94 0.05 
BMI 0.07 20 2.18 0.22 
BMI 1 20 1.04 0.12 
BMI 50 20 1.50 0.15 
BMI 0.07 30 1.79 0.27 
BMI 1 30 1.76 0.25 
BMI 50 30 1.70 0.13 
BMI 50 70 3.00 0.43 
BMI 50 80 2.28 0.25 
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Figure 4. 17. DCB graphs of load v. extension for calculated values of table 4.2 
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Figure 4. 18. Still image taken from DCB testing of 20wt% 1um hBN+BMI adhering Cu, 0.5mm distance 

between scale lines 

4.5 BET Surface Area Analysis 

Table 4.5 displays the particle surface area per mass for the 0.07, 1, & 50μm hBN. 

We observe that with decreasing particle size surface area increases. While there may 

be “plenty of room at the bottom,” from a standpoint of effective composite thermal 

conductivity, it is advantageous to minimize the interfacial surface area between 

dissimilar phases. This implies that our larger platelets have less interfacial area with 

the polymer, thus less resistance to the transport of heat49.  

Figure 4.19 displays the isothermal nitrogen absorption for the three hBN platelets. 

Absorption decreases with increasing platelet size. 

Table 4. 5. Summary of particle surface area analysis for hBN used in experiments 

Particle Surface Area Analysis 

Material Particle 
Size (μm) 

Surface Area 
(m^2/g) 

hBN 0.07 25.42 
hBN 1 17.55 
hBN 50 1.52 
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Figure 4. 19. Isothermal nitrogen absorption of hBN used in experiments 
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CHAPTER 5 

CONCLUDING REMARKS 

Considerations of thermal, dielectric, and mechanical properties of composites are 

vital for proper implementation of new materials that meet great challenges. From a 

thermal perspective, two conclusions on the effective thermal conductivity of a 

composite may be drawn. First, as the size and aspect ratio of platelet filler materials 

increases so too does the thermal conductivity of the composite. Second, small amounts 

of particulate reinforcement moderately increase a medium’s thermal conductivity while 

higher loadings display phenomenal improvements over that of the original polymer 

matrix. Therefore, the ideal ceramic thermal modifier has both a large aspect ratio with 

minimal surface area as seen in the case of 80wt% 50μm hBN in BMI.  

Dielectric properties of the BMI/hBN composites generally improved with decreased 

filler size. Increasing the amount of filler present in the matrix in turn increases the 

dielectric breakdown strength of the composite. All filler loadings displayed the greatest 

performance with the nano-particle. It follows that, from a perspective of dielectric 

strength, the 0.07μm hBN particles are favored over their larger counterparts for 

dielectric property enhancements of composites. 

From interpretation of the mechanical measurements, one may draw several 

conclusions. Indentation revealed that moderate reinforcement (within reasonable 

error) of the matrix occurs in filler loadings of 20wt% and below while 70 & 80wt% 

loadings display enhanced values of elastic modulus. Decreasing filler size increases the 

modulus in such high loadings too, owed largely to the increased particle surface area 
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interacting with the matrix. The super percolated composite begins to take on the 

elastic behavior of its ceramic component. However, fracture toughness testing 

revealed that a larger platelet has greater resistance to crack propagation when 

reinforcing the brittle BMI, and that platelet surface area influences the composites 

adhesive qualities. A platelet with surface area greater than 1.5 m2/g is difficult, if not 

impossible, to adhere to a metal substrate in the super percolated filler loadings 

necessary for enhanced thermal conductivity. 

The choice of the ideal electronic encapsulant and die attach material must carefully 

take these facts into consideration. While the nano-composite shows incredible 

mechanical and dielectric strength, adhesion to metal and silicon are a necessity of this 

material. This brings us to 80wt% 50μm hBN in BMI, while dielectric strength of the 

0.07μm hBN in similar loadings is greater than that of the large platelet, the greatest 

thermal conductivity was measured in this material. The adhesive fracture toughness of 

the 70wt% 50μm hBN in BMI was similarly paramount in this adhesive composite. If 

recommendations are to be made for a high voltage, high reliability, thermally 

dissipating die attach adhesives and electronic encapsulants, then the 

reinforcement/modifier material of choice should be the largest obtainable ceramic 

platelet with minimal surface area, that fits within the application region of the selected 

die. A filler loading between 70 & 80wt% of 50μm hBN in BMI will provide the requisite 

characteristics of the ideal high thermal conductivity & dielectric strength die attach 

adhesive.  
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APPENDIX A 

Figure A. 1. Instrumented indentation plot of 20wt% 0.07μm hBN in BMI 

Figure A. 2. Instrumented indentation plot of 20wt% 1μm hBN in BMI 
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Figure A. 3. Instrumented indentation plot of 20wt% 50μm hBN in BMI 

Figure A. 4. Instrumented indentation plot of 30wt% 0.07μm hBN in BMI 
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Figure A. 5. Instrumented indentation plot of 30wt% 1μm hBN in BMI 

Figure A. 6. Instrumented indentation plot of 30wt% 50μm hBN in BMI 
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Figure A. 7. Instrumented indentation plot of 70wt% 1μm hBN in BMI 

Figure A. 8. Instrumented indentation plot of 70wt% 50μm hBN in BMI 
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Figure A. 9. Instrumented indentation plot of 80wt% 0.07μm hBN in BMI 

Figure A. 10. Instrumented indentation plot of 80wt% 1μm hBN in BMI 
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Figure A. 11. Instrumented indentation plot of 80wt% 50μm hBN in BMI 

Table A. 1. Crack lengths and loads used to determine adhesive fracture toughness of DCB specimens 
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76.3 4.68 0.1031 
79.6 4.44 0.1017 

3 

60.4 3.32 0.0356 

0.0910 
63.4 4.66 0.0791 
66.3 5.06 0.1007 
69.8 4.96 0.1159 
73.5 4.74 0.1236 

20 1 

1 

64.1 3.00 0.0216 

0.0320 

0.0256 

69.4 3.20 0.0283 
76.0 3.00 0.0303 
80.6 3.20 0.0366 
88.2 3.10 0.0432 

2 

66.8 2.25 0.0210 

0.0238 
71.6 2.00 0.0217 
76.7 2.50 0.0304 
84.6 1.80 0.0232 
92.3 1.70 0.0229 

3 

69.2 1.80 0.0155 

0.0210 
74.4 2.30 0.0231 
80.8 2.00 0.0222 
85.7 1.90 0.0232 

20 50 

1 

59.2 4.0 0.0611 

0.0457 

0.0510 

63.4 3.1 0.0515 
68.5 2.5 0.0440 
74.4 2.1 0.0383 
84.9 1.9 0.0337 

2 

64.5 4.8 0.0726 

0.0536 
69.5 3.4 0.0522 
74.3 3.0 0.0468 
80.3 2.5 0.0427 

3 

61.2 4.8 0.0610 

0.0537 
65.5 4.0 0.0570 
72.4 3.2 0.0481 
79.6 3.1 0.0485 

30 0.07 
1 

60.1 4.00 0.0435 

0.0550 
0.0638 

64.0 4.58 0.0605 
70.3 4.02 0.0594 
75.0 3.70 0.0544 
79.4 3.66 0.0553 
83.8 3.32 0.0569 

2 57.3 4.08 0.0462 0.0591 
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62.6 3.68 0.0464 
66.6 3.80 0.0538 
69.7 4.20 0.0690 
73.9 4.10 0.0737 
77.4 3.50 0.0642 
81.0 3.20 0.0605 

3 

59.1 3.75 0.0396 

0.0773 

63.1 5.06 0.0746 
66.4 4.88 0.0778 
70.3 5.12 0.0910 
73.2 4.96 0.0929 
77.4 4.44 0.0878 

30 1 

1 

54.9 3.80 0.0414 

0.0536 

0.0649 

60.9 3.40 0.0386 
66.8 3.70 0.0532 
72.0 3.40 0.0534 
77.8 3.60 0.0672 
82.6 3.56 0.0677 

2 

56.9 5.14 0.0639 

0.0716 

60.7 4.76 0.0665 
65.2 4.14 0.0604 
70.9 4.62 0.0755 
78.2 4.00 0.0717 
83.2 4.08 0.0771 
87.4 4.20 0.0859 

3 

57.0 3.90 0.0444 

0.0696 
60.6 4.70 0.0708 
63.5 4.90 0.0794 
67.2 4.88 0.0903 
73.6 3.50 0.0632 

30 50 

1 

57.5 3.80 0.0417 

0.0580 

0.0616 

61.8 4.00 0.0515 
68.5 4.40 0.0694 
75.6 4.00 0.0723 
83.2 3.20 0.0603 
88.6 3.00 0.0578 
93.3 2.70 0.0529 

2 

59.9 4.30 0.0451 

0.0634 
64.1 4.70 0.0626 
69.0 4.80 0.0683 
73.7 4.66 0.0733 
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81.6 4.63 0.0626 
85.6 4.40 0.0683 

3 

58.2 4.40 0.0477 

0.0636 

62.4 4.60 0.0564 
66.5 4.50 0.0608 
71.5 4.50 0.0696 
77.0 4.40 0.0680 
82.6 4.30 0.0790 

70 50 

1 

70.5 3.80 0.0403 

0.1335 

0.1437 

79.2 5.80 0.1732 
87.4 5.30 0.1676 
91.5 4.54 0.1528 

2 

67.2 8.00 0.1111 

0.1398 

71.8 5.00 0.0958 
79.5 5.50 0.1309 
85.7 5.20 0.1258 
89.5 5.68 0.1572 
92.6 6.52 0.2178 

3 

60.8 9.20 0.1676 

0.1579 

69.9 7.40 0.1357 
76.4 6.50 0.1287 
80.6 5.80 0.1227 
85.6 6.30 0.1557 
90.6 6.40 0.1838 
95.9 6.64 0.2112 

80 50 1 

68.6 5.00 0.0450 

0.0632 0.0632 

73.9 5.25 0.0548 
78.4 5.50 0.0650 
83.9 5.70 0.0734 
87.1 5.25 0.0726 
91.6 4.50 0.0682 
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