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Abstract 

 

 

The aim of this study is to synthesize a material with high thermal conductivity and a low 

coefficient of thermal expansion (CTE), useful as a heat sink. Carbon nanofibres (CNF) are 

first coated with copper by an electroless plating technique and then sintered to a solid sample 

by either spark plasma sintering (SPS) or hot pressing (HP). The final product is a carbon 

nanofibre reinforced copper composite. Two different fibre structures are considered: platelet 

(PL) and herringbone (HB). The influence of the amount of CNF reinforcement (6-24 % wt), 

on the thermal conductivity and CTE is studied. CNF has an excellent thermal conductivity in 

the direction along the fibre while it is poor in the transverse direction. The CTE is close to 

zero in the temperature range of interest. The adhesion of Cu to the CNF surface is in general 

poor and thus improving the wetting of the copper by surface modifications of the fibres are 

of interest such that thermal gaps in the microstructure can be avoided. The poor wetting 

results in CNF agglomerates, resulting in an inhomogeneous microstructure. In this report a 

combination of three different types of surface modifications has been tested: (1) electroless 

deposition of copper was used to improve Cu impregnation of CNF; (2) heat treatment of 

CNF to improve wetting; and (3) introduction of a Cr buffer layer to further enhance wetting. 

The obtained composite microstructures are characterized in terms of chemical composition, 

grain size and degree of agglomeration. In addition their densities are also reported. The 

thermal properties were evaluated in terms of thermal diffusivity, thermal conductivity and 

CTE. Cr/Cu coated platelet fibres (6wt% of CNF reinforcement) sintered by SPS is the sample 

with the highest thermal conductivity, ~200 W/Km. The thermal conductivity is found to 

decrease with increasing content of CNFs. 
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1 Introduction 
 

 

The density of electronic circuits is constantly increasing in accordance with Moore’s 

law. An effect of the increasing density is heating. Today, more than 50% of electronics 

failures are caused by overheating. Naturally, thermal management has grown to be a hot 

topic. Copper is one of the traditional heat-dissipating materials with a thermal conductivity 

of 400 W/Km [1]. However, since Cu has a big mismatch in coefficient of thermal expansion 

(CTE) compared to ceramics [2,3] it cannot be attached to ceramic materials without 

interlayer [3]. Ceramics are popular materials in electronic devices because of their insulating, 

semi-conducting, superconducting, piezoelectric and magnetic properties. Ceramics have both 

been use in packaging and interconnecting of IC-circuits but also in transistors and antennas, 

Carbon nanofibres (CNF) reinforced in a copper matrix offers an interesting material with 

potential of good thermal conductivity and low CTE suitable for heat sinks [4,5]. A good heat 

sink should be thermally and mechanically stable and for mobile applications also have a low 

density, CNF-Cu composites have that potential to posses all of these properties [3].  

 

1.1 Problem statement  

 

The aim of this study is to synthesis a CNF reinforced copper composite. The 

advantages of this material will be a high conductivity with a low CTE and low density, 

depending on the carbon nanofibres (CNF) reinforcement. The CNF have a CTE close to zero 

and a low density, and with higher CNF reinforcement in the copper matrix, the CTE and 

density of the whole composite will be lower. The thermal conductivity of the CNF is also 

excellent along the fibre.  

Two problems arise immediately when trying to manufacture the Cu-CNF composite: 

both the adhesion between the CNFs and the copper, and the dispersion of the fibres in the 

metal matrix is low. The adhesion between CNF and copper is very important for the heat 

conductivity of the material. If there is a lack of contact in the interface between CNF and 

copper the heat conductivity of the material will decrease. Hence, the material should not 

contain porosities. To solve the adhesion problem, the fibres are modified in different ways 
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before coating with copper. The dispersion of the fibres should be homogenous in order to get 

a homogenous material. To get a good dispersion the method chosen for coating is electroless 

plating. Electroless plating is relatively cheap and has successfully been used to cover fibres 

with copper [4-6]. 

 

1.2 Aim 
 

The effect of CNF/Cu fraction, with differently structured CNFs, has been studied on 

the thermal properties. This study also compares Cu-CNF powder solidification by spark 

plasma sintering (SPS) and hot pressing (HP). The final material will be characterized and the 

material with the best properties as a heat sink will be presented.  

 

1.3 Outline 
 

First, a theoretical chapter will give guidance on CNF properties and thermal 

conductivity, followed by theory of the methods and the experimental details. The results will 

be presented in chronological order of creating the Cu-CNF material. The discussion chapter 

is divided into one methods and one results part. Finally, the conclusions and an outline of 

future work will be presented.  
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2 Background 

 

 

n this chapter the properties of a good heat sink will be presented. Hereafter, the 

definition and theory of thermal diffusivity and conductivity are given, ending with an 

introduction to carbon nanofibre properties and a section of how to modify them. 

 

2.1 Heat sinks 

 

Since the electronic devices constantly decrease in size, the heat production increases. 

Today efficient cooling systems surrounding electronics are of big importance. 

The properties of interest for a heat sink is low resistivity, for heat to easily enter and 

leave the material, and high thermal conductivity, for fast heat transfer in the material. A low 

density is preferable since many applications are mobile. Finally, a high thermal stability and 

a coefficient of thermal expansion (CTE) that matches that of e.g. Si, GaAs or Al are 

necessary since the heat sink will be in contact with one of these materials. The size and shape 

of the heat sink should match the shape of the device in need of it. In other words, the shape 

and size of a heat sink should be able to vary with the application. 

Today, usually materials like CuMo, CuW, Al/SiC, AlN, FeNi, FeNiCo and diamond 

are used when a heat sink with high thermal conductivity and low CTE is needed. However, 

these materials suffer from various drawbacks, such as high density (MoCu, WCu), relatively 

high CTE (Al/SiC, AlN), poor thermal performance (FeNi, FeNiCo) and in the case of 

diamond, a high price. [3,7] 

 

2.2 Thermal conductivity 

 

Thermal conductivity in combination with low thermal resistivity is the most important 

property for a heat sink. The thermal conductivity is a measure of the ability of a material to 

conduct heat. Thermal conductivity depends on the elements in the material and the 

temperature of the material. 

I 
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2.2.1 Definition of thermal conductivity  

 

The thermal conductivity, , is a value of how much energy that can pass 

through a specific volume of the material, during a certain time and for a specific temperature 

gradient in the material volume, see equation (1).  

 

                                                                                                             (1) 

 

Where  is the heat transferred,  is the heat transfer time,  is the cross 

sectional area of the volume, x [m] is the distance of the transferred heat and  is the 

temperature gradient in the distance. The thermal conductivity can also be expressed by the 

specific heat capacity, the density and the thermal diffusivity, as follows in equation (2): 

 

                                                                                                                          (2) 

 

where  is the specific heat capacity,  is the density and is the 

thermal diffusivity coefficient.  

The product  could be seen as the volumetric heat capacity. It is the heat energy 

required to raise the temperature of the material with one degree.  is the heat diffusivity 

coefficient, hence determining the rate of heat energy diffusion through the material. 

 

2.2.2 How does heat travel in materials? 

 

Heat travels in materials in different ways, depending on if it is a metal or not. In a 

metal, the heat travels with the freely moving valance electrons. Heating of one side of a 

metal makes the atoms at that side absorb heat energy and begin to vibrate. The vibration 

proceeds in the material by making the neighboring atoms vibrate. Free electrons that hit the 

vibrating atoms absorb some heat energy and are excited. They will hit other electrons and/or 

atoms and as they move through the material more heat diffuses. The reason for the close 

relation between electrical and heat conductivity in metals is that they both use the same 

carriers, the free valence electrons. If the metal is a good electrical conductor, it is most likely 

also a good thermal conductor. One good and common metal heat conductor is copper with a 

thermal conductivity of 400 W/Km [8].  
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In a non-metal, there are not as many free valance electrons as in a metal, and the heat is 

instead transported by phonons. Phonons are crystal waves that propagate through the 

material. In other words, the energy is transferred between atoms instead of electrons. This 

means that electrical conductivity is not following the trend of the heat conductivity of non 

metals. Usually metals are better heat conductors than non-metals, but one of the best heat 

conductive materials is diamond, which is an insulating material. Diamond is mono-

crystalline, and when heat is transferred through it, it seems like all the atoms vibrate at the 

same time. The thermal conductivity of diamond is up to 2200 W/Km [9]. Since the heat 

transfer relies on the coupling between the atoms many insulators have anisotropic (different 

properties depending on the direction) thermal conductivity depending on the atomic 

structure. This is the case of carbon nanofibres and carbon nanotubes. They have excellent 

thermal conductivity, up to 6600 W/Km [8], along their length and very poor heat 

conductivity in the transverse directions.  

 

2.3 Carbon nanofibres 

 

2.3.1 General properties of carbon nanofibres and potential applications 

 

The carbon nanofibres have a high length-to-diameter ratio, giving them large surface 

area compared to the volume. The length can be several micrometers but the diameter is only 

a few hundred nanometres. The large surface area makes the fibres to a good raw-material for 

hydrogen storage [10], [11]. The low density, around 2.1 g/cm
3
, of the CNFs [12], is 

interesting in various mobile applications, for example in airplanes. The CNFs have good 

mechanical properties such as high tensile strength, ~12000 MPa, and an elastic modulus of 

~600 GPa [12]. Finally, the CNF possess a high electrical and thermal conductivity [13], and 

an electrical resistivity of about 20 Ω [12]. Properties like high mechanical strength and 

electrical conductivity are suitable for electrode applications [14]. A high thermal 

conductivity and a low thermal resistivity are of importance for a heat sink. CNFs are also 

cheaper to produce than its precursor, the carbon nanotubes (CNT) [15] . These properties 

make the CNFs a popular reinforcement material in metals [16] and polymers [17,18]. 

Another important property of CNFs is the coefficient of thermal expansion (CTE), which is 

close to zero for the fibres [19].  



6  2 Background 
 

 
 

2.3.2 Structures of carbon nanofibres 

 

There are several structurally different types of CNF. The properties are highly 

dependent of the production process. In this study commercial available platelet (PL) and 

herringbone (HB) structured CNFs from Future Carbon was used. Platelet structured fibres 

have the graphene planes perpendicular to the fibre direction and the herringbone structured 

fibres have conical shaped graphene sheets, see figure 1. The graphene sheet interspacing of 

PL and HB fibres are 30.4 nm and 37.4 nm respectively. The interspacing of ordinary 

graphene sheets is 33.3 nm [20].  

Differently structured fibres have resulted in different morphologies of the final material 

[21]. The PL structure is preferable for its mechanical stability, but has a poor adhesion to 

copper [22]. The HB structure is more easily covered with Cu but is unfavourable to PL in 

case of mechanical stability [22]. The most stable structure of the fibres seems to be 

longitudinal aligned (LA) graphene sheets, meaning graphene sheets in the same direction as 

the fibre [20,23]. The graphene sheets create several cylindrical structures inside each other. 

However, this type of fibre is not considered in this study.  

 

 

 

 

 

 

 

 

 

 

2.4 Modification of fibres 

 

To increase the adhesion between the copper atoms and the CNFs, the fibres are 

modified in different ways. The CNFs are for example modified by adding different layers, 

Figure 1. Platelet (PL) and herringbone (HB) structured carbon nanofibres. 

30.4 nm 

37.4 nm 
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surfactants, treating with acids and heat treating the CNFs. In this study five different samples 

are used; chromium layered PL fibres and both untreated and heat treated PL and HB fibres.  

 

2.4.1 Heat treatment 

 

Heat treatment of carbon nanotubes (CNT) before coating with electroless plating has 

been reported to improve the deposition layer [24]. In this study we will investigate the 

possibility that this holds true also for heat treated CNF. It seems possible since CNT and 

CNF have similar properties [3]. 

It has been reported that the surface of the graphene sheets are more heat resistant than 

the edges [20,23]. This means that fibres with different structures will react different on the 

heat treatment. As a result, HB and PL have lower heat resistance than LA structured fibres. 

During heat treatment, the CNFs get more graphitized [20] and their surface area decrease 

[23,25,26]. The increasing amount in structural order, due to graphitization in heat treated 

CNFs, is reasonable since graphene is the most stable carbon structure. The stability is also 

enhanced by the looping between graphene sheets and the reduction of defects [20,23] that 

occur during the heat treatment, see figure 2. The increase in graphitization is seen in the 

decrease of layer interspacing [27] and increasing crystalline grain sizes [23,25,28]. 

According to Córdoba etc. [20] the heat treated PL fibres (PLHT) and the heat treated HB 

fibres (HBHT) have an interspacing of 33.5 nm and 33.3 nm respectively, see figure 2. 

Comparing with the interspacing of graphene, 33.3 nm, the heat treated fibres are more 

similar to graphite than the untreated fibres. 

 

 

 

 

PLHT 

Figure 2. Structures of heat treated fibres. The interspacing of the graphene 

sheets have become more similar and looping between graphene sheets occur. 

33.5 nm 

HBHT 

33.3 nm 
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The surface area reduction has been suggested to be due to the removal of surface defects and 

the removal of the thinnest fibres [23]. Fibres with smaller diameter are more unstable 

because of their higher saturated partial pressure, caused by the higher surface curvature [23]. 

Especially, HB fibres decrease their surface area more than PL fibres, in other words, smaller 

HB fibres are more unstable than PL fibres. The more stable heat treated fibres are also more 

oxidation resistant [20,25]. Surprisingly, the HBHT fibres are more resistant to oxidation 

compared to the PLHT fibres [20].  

A decreased force between the graphene sheets is another effect that has been reported 

to occur during heat treatment [23]. 

 

2.4.2 Chromium layer 

 

A thin deposited layer of a suitable element might improve the wetting between carbon 

and copper [29,30]. The layer should be thin, since the conductivity of the copper is reduced 

when other elements are introduced into the Cu-matrix. A small amount of chromium in 

copper has been shown to increase the wetting between copper and diamond/carbon, forming 

an alloy between copper and chromium [31]. By coating the fibres with chromium the 

interface between carbon and copper can be improved, since chromium acts as a bridge 

between them. Other options would be to use titanium, boron or molybdenum since they all 

can form a compound with carbon and an alloy with copper [32]. Titanium has been reported 

to be too aggressive, consuming the fibres and leaving an amorphous carbon structure [7]. 

Molybdenum has a high melting point and therefore diffuses slowly from its preferred metal 

matrix area and never reaches the surface of the CNFs [7]. Boron, on the other hand, diffuses 

too fast and infiltrates the whole sample; both the matrix and upon the fibres, disturbing the 

composition [7]. Chromium diffuses nicely to the surface of the CNF and enhances the 

wetting of the fibre [7]. Additionally, the thermal conductivity is higher for chromium coated 

fibres than for both titanium and molybdenum coated fibres [33]. 

The adhesion of C-Cr-Cu has been reported to be enhanced with heat treatment [31]. In 

this study heat treated (in 2750°C) PL CNFs with physical vapour deposited (PVD) chromium 

coatings are used. Since PL fibres are harder to coat with copper than HB fibres, only PL 

fibres were used in this first trial to coat with chromium.  
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3 Theory of methods and instruments 
 

 

his chapter is divided into four theory parts; the theory behind physical vapour 

deposition, the theory of electroless deposition of copper on the CNFs, the theory of 

the sintering machines and the theory of the characterization methods. 

 

3.1 Physical vapour deposition (PVD) 

 

Physical vapour deposition is a common method used for creating films. It can either be 

made by evaporation or magnetron sputtering of a target material in vacuum.  

Evaporation of target atoms is made by heating (resistance heating, induction heating 

etc.) the target. When the atoms evaporate they are flowing into the vacuum chamber. The 

transportation of the atoms to the substrate depends on the mean free path (MFP) of the 

atoms. If the MFP is longer than the distance to the substrate, an irregular film will grow. 

Since the MFP in vacuum of an atom can be quite long, several meters, an inert gas is used to 

interpret with the atoms shortening their MFP. When the atoms reach the cooler substrate, 

they have a quite low energy and they condense in the place of arrival, creating a film on the 

substrate.  

By magnetron sputtering, films can be created during lower temperatures, pressures and 

faster rates than by evaporation. An inert gas is ionized e.g. by a plasma. A plasma is created 

e.g. by keeping a gas between two electrodes, passing a current through them. The current 

ionize the gas, splitting electrons from the atoms and creating positive ions. The ions of the 

gas are accelerated by an electrical field towards the target that is held at a negative potential 

(cathode). The energy, angle and the flow of the accelerated gas ions hitting the target, affect 

the processes in the target material. When a target is bombarded by ions, one of the possible 

processes to happen is ejection of atoms. The ejected atoms are neutral atoms that have a high 

kinetic energy. Depending on the trajectory of the ejected atom, it will impact at the substrate 

on different positions. Since these atoms have high energies when impacting on the substrate, 

they have a long time to move around on the surface, before settling down at an energetically 

favourable position. From the target, primary and secondary electrons are also ejected. These 

electrons create reactions and heating problems when let lose in the vacuum chamber. 

T 
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Therefore two magnets are placed at each side of the target creating a magnetic field, trapping 

the electrons, forcing them to move back and forth along the field lines, close to the target. 

The electrons collide with other particles during their movement close to the target, ionize 

them and increase the bombardment rate of the target. The target resembling the cathode and 

the magnets are called a magnetron.  

In this study magnetron sputtering is used to coat the CNFs with thin layers of 

chromium.  

 

3.2 Electroless plating of copper 

 

Electroless plating is used to coat the CNFs with copper since the method is cheap and 

do not require high temperature or vacuum. Another advantage is that the parameters are 

easily manipulated compared to other coating procedures as chemical vapour deposition 

(CVD) and physical vapour deposition (PVD). This means that the amount of reinforcement 

is easily changed depending on the demands, in this case the thermal conductivity and CTE. 

The method also makes sure that the copper really adhere to the CNFs, enhancing the 

interface between CNF and copper and the distribution of fibres in the Cu-matrix. If the 

coatings of the fibres are very homogenous, the fibres will be homogenously dispersed in the 

final material. 

 

3.2.1 Pre-treatment  

 

Before coating the CNFs, a pre-treatment is needed for increasing the surface reactivity 

of the fibres [34]. Similar pre-treatment has frequently been used for electroless coating of 

CNF/CNT [4,5]. It involves heating, cleaning with acetone, heating again and three steps of 

treatment with chemicals, see figure 3. 

The first step is to treat the CNFs with H2SO4/H2O mixed with K2Cr2O7. Both the 

surface area and the reactivity of the CNFs are increased by Cr etching and introduction of 

anchors like –OH and =O groups to the surface of the CNFs, see figure 3. These functional 

groups arise from oxidation [4,35]. The second step is sensitization. It is made traditionally by 

treating the fibres with SnCl2·H2O and HCl. In this step, H
+
Sn  is created in the solution, 

see eqation (3). The H
+
Sn  adhere to the surface by van der Waal (vdW) forces, see figure 
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3. The Van der Waal force is a weaker “bonding” than the covalent bonding. Actually, it is 

more of an interaction between hydrogen atoms or induced/non induced dipole-dipole 

charges. In this case it is a hydrogen bonding between the graphite and H
+
Sn . 

 

 

 

 

The final step is activation by PdCl2 dispersed in HCl, creating two possible Pd
2+

 containing 

molecules, see equation (4). In the activation step both reactions in equation (5) occur 

simultaneously: the oxidation of Sn
2+

 to Sn
4+

 and the reduction of Pd
2+

 to Pd
0
. The outcome of 

these reactions are that H
+
Sn  is exchanged for Pd, see figure 3. The binding of the Pd to 

the CNF is also created by vdW forces. Since the final copper coating is highly dependent on 

the coverage and dispersion of the Pd, which in turn is dependent on the coverage of Sn, the 

success of all the steps before Cu coating are important. 

 

                                      (3) 

                                                                                (4) 

                                                                                  (5) 

 

After these treatments the CNFs are ready for the Cu coating. 

Figure 3. Schematic drawing of pre-treatment and electroless deposition. 
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3.2.2 Electroless coating 

 

Electroless plating is a chemical method which involves oxidation of a reducing agent 

and reduction of a metal in an aqueous solution. In this study, CuSO4·5H2O (metal salt), 

KNaC4H4O6 (complexing agent), NaOH (buffer) and formaldehyde (reduction agent) is used. 

The reactions are as follow: 

 

                                                                                             (6) 

                                     (7) 

                                (8) 

                                                                                       (9) 

 

The coating reaction starts by adding formaldehyde, producing hydrogen, see equation (6). 

The reaction is catalyzed by Pd that is oxidized back to Pd
2+

; producing 2 electrons
 
(lower 

reaction of equation 5, reversed). This is the rate determining step. The complexing agent 

reacts with the Pd
2+

, making sure that the hydrogen production continues. The hydrogen 

together with OH
-
 groups will then reduce Cu

2+
 to Cu

0
 on the surface of the fibre, see 

equations (8) and (9). The OH
-
 groups come from the NaOH and the water. The NaOH is 

needed as a buffer since the reactions lead to a more acidic environment. The coatings are 

more homogenous when the reaction bath has a pH ≥ 12 [4]. If the pH is too low, pH < 8, the 

deposition of Cu will stop [24,34]. The deposition rate is another important factor to get a 

smooth coating. The quality of the coatings is improved when the deposition rate is lower 

[4,24] and also, less agglomerations are able to form [24]. It has been noticed that the rate of 

deposition increases in the beginning of the coating process and then become constant. When 

the copper is reduced on the fibre, the copper itself, instead of Pd in equation (6), can act as a 

catalyst for further deposition of copper [36] and hence increase the deposition rate. The 

constant deposition rate could be due to the dense copper coating of a fibre, reaching the 

maximum number of possible nucleation sites on the surface.  

The coating process was performed during ultrasonication since it has been reported that 

it will enhance the deposition rate and adhesion [36] and to create more homogenous 

distribution of CNFs and Cu in the final composite [16]. The mechanisms contributing to the 

positive effects seen by the usage of an ultrasonication bath is heating and mechanical stirring, 

leading to an accelerated diffusion of reactants and an increasing number of copper catalyst 
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nuclei [36]. The cavities in the solution caused by the ultrasonication are hot spots 

(T~5000°C, P ~50 MPa) that releases energy to the system when breaking [36,37]. However, 

the ultrasonication time should be regulated since more than 4 hours of sonication have been 

reported to convert graphene layers to amorphous carbon layers [16,38]. The reaction is 

finished when the solution has turned from blue (copper ions make a solution blue) to 

transparent. Hence all the copper should be adhered to the fibres.  

 

3.3 Sintering  

 

Two methods are used for sintering of the Cu/CNF powders: the spark plasma sintering 

(SPS) and the hot pressing (HP). The spark plasma sintering (SPS) is a fast and relatively new 

alternative to conventional hot pressing (HP) used for solidification. The HP method has been 

used to sinter e.g. CNF/Cu composites [5] and the SPS method has been published to be used 

in sintering of various materials (metals, alloys, ceramics, nanomaterials etc.) [39-41]. SPS 

has also recently been used to sinter carbon nanotubes with copper. [42,43]. 

Both SPS and HP use heating and unidirectional pressure to solidify the powder. The set 

up is similar between them; the sample is mounted in a graphite die with punches see figure 4. 

A pressure is then applied to the punches and transferred to the sample. Heating of the sample 

can be done in different ways depending on the sintering machine.  

In both SPS and HP the outside heating of the die is produced by e.g. heating wires. In 

SPS sintering, an additionally heating inside the die is produced with a pulsed current (low 

voltage ~2.5 V, high intensity: 0.5 -10 kA during ~30 s), going through the graphite die. If the 

material is conductive, as in the case of CNF/Cu, the current also passes through the sample 

resulting in joule heating. The HP used in this study has direct heating by a DC current but at 

much lower intensities compared to the SPS. This means that SPS have higher 

heating/cooling rates and lower sintering temperatures than the HP. This is a big advantage of 

SPS since the grain size and morphologies are highly dependent of the sintering temperature. 

SPS is also much faster than the HP and can be done in 10 minutes.  

The faster sintering mechanism due to heating by the pulsed current in SPS is not yet 

fully understood. There is an ongoing debate of the reasons behind the fast sintering by SPS. 

One of the issues is the supposed spark discharge during the SPS sintering [39], leading to a 

“spark plasma”, which also has given the sintering method its name. The spark discharge is an 



14  3 Theory of methods and instruments 
 

 
 

 

 

electrical discharge, supposed to occur between submicron to nanometre sized ceramic 

particles during sintering. The pulsed DC heating creates an electrical field and an electrical 

gradient through the non-conductive sintering particles. When the ceramic particles with 

different electrical poles touch each other, an electrical discharge, a “spark”, is believed to be 

released. This “spark” has never been observed and there is no experimental evidence, only 

calculations saying that it really exists. Anyway, this spark discharge may not contribute to 

the sintering in a conductive material.  

 

3.4 Characterization 

 

3.4.1 Imaging instruments 

 

Two different systems were used for imaging. A camera connected to an optical 

microscopy is used for image overviews (5-20x magnification) of the solid samples. 

Advantages with the optical microscopy are that it is relatively cheap, fast and easy to operate. 

The scanning electron microscope (magnification up to ~130 000x) is used to study the 

morphologies of the nanostructured powders and the structure of the solid samples. In 

microscopy, the de Broglie wavelength of the electrons, or the wavelength of the waves used 

for imaging, limits the resolution. The shorter wavelength of the electrons will give a higher 

resolution.  

Figure 4. In image (a) the glowing die and its punches in the hot press is shown. To the left, (b) a 

schematic drawing of the die is shown. 

(a) (b) 
12,5 mm 
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In an optical microscopy the sample is imaged by light, photons. Light photons do not 

have very high energy and do not penetrate deep into the sample. The wavelength of the 

photons (energy dependent) and the microscope lenses limit the resolution. The optical 

microscopy was used in a reflective mode since opaque samples were studied. The contrast in 

the Cu-C samples arises from the differences in light absorption between the two phases 

(Cu/C) and by the surface curvature of the sample. In this case the carbon rich areas are seen 

as dark and the more reflective copper areas are light. The optical microscopy was connected 

to a digital camera to capture images. The camera was connected to a computer that shows 

and stores the images. 

The principle of SEM is similar to optical microscopy, but the resolution is increased by 

using electrons instead of light as an impacting element, since the wavelength of an electron is 

much shorter than the wavelength of a photon. A current through a coil create electrical fields 

which bend electrons and is used to focus electrons. The contrast in SEM is created by the 

impact of the electrons in the sample. Different types of scattered electrons emerge from the 

sample and reach the detector, giving rise to several available imaging modes. In this study 

only secondary electrons are used for imaging. Secondary electrons arise from the impact of 

the electron beam in to the valance electrons in the outer electron shells of the sample. Only 

the secondary electrons originated from the near surface, ~5 nm, are detected since deeper 

electrons have a very short MFP and will not reach the detector. The intensity of the detected 

electrons are relates to the grayscale of the pixels making up the SEM image. The SEM used 

in this study has two detectors of imaging secondary electrons, Inlens and SE2. In lens are 

used for better resolution and SE2 for more topological imaging. 

 

3.4.2 Density measurements 

 

Density measurements were performed by two different methods one for powder 

samples and one for solid samples. The densities of the powders were measured by 

pycnometry and the solid samples directly by Archimedes’ principle using liquid. 

Pycnometry uses Archimedes’ principle for gasses to measure the density of powders 

and solid samples. The instrument consists of two chambers; one main chamber with a cell 

inside and one expansion chamber. Both the volume of the cell and the volume of the 

expansion chamber are known from calibrations. The sample needs to be weighted before it is 
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put into the cell. The head chamber with the cell and sample inside is filled with an inert gas 

(He) until it reaches a certain pressure P1. Then the valve to the expansion chamber is opened 

and the gas diffuses between the two chambers. The new pressure P2 is measured. According 

to Archimedes’ law for gasses the volume of the sample can be calculated as follows: 

 

                         (10) 

                                            (11) 

 

Where is the pressure in the cell from the beginning,  is the volume of the sample cell, 

 is the unknown volume of the sample,  is the pressure when the valve to the 

expansion chamber is open and  is the volume of the expansion chamber. From the 

volume and the weight of the sample the density of the sample is calculated. 

 

Archimedes’ principle states that the loss of weight of a sample in water is the same as 

the weight of the water being displaced.  

A precision balance that holds two baskets through a wire and a beaker of distilled 

water placed on the balance are used. It is important that the basket and its wires do not touch 

the beaker, changing the measured weight of the sample. The baskets are used to hold the 

sample, one basket in the water and one of them above the water, see figure 5.  

The weight of the dry sample and the weight of the sample in the water are transmitted 

to the balance by the wires. A thermometer measures the temperature of the distilled water to 

get an accurate value of the density of the water.  

 

 

 

 

 

If the sample is porous, it is coated for 10 minutes in paraffin wax, constantly held at the 

temperature of 90°C by an oil bath. The sample is dried with paper after coating to keep the 

Figure 5. Experimental setup for measuring densities with Archimedes’ principle. 

Balance 

Baskets 
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original volume of the sample. Before measuring the dry and immersed weight of the sample, 

the sample is cooled down to room temperature. The sample is measured dry, both before and 

after the paraffin coating. The paraffin wax closes the open porosities in the sample. If a 

porous sample is uncoated when measuring the immersed weight, it takes a long time (~12h) 

before the balance stabilizes since the water needs to fill all the open pores.  

The density of the sample is calculated by the measured mass of the dry sample (msample) 

and of the dry (mpar) and wet (mpar in water) paraffin wax coated sample as seen in equation (12) 

and (13). 

 

                                                                                                   (12) 

                                          (13) 

 

3.4.3 X-ray diffraction (XRD) 

 

XRD is for example used to determine the elements of the samples and to measure the 

grain size of copper in both powder and solid samples. Powder samples need to be mounted 

onto a small piece of glass by acetone, before measured. Solid samples with clean surfaces 

need no preparation. 

X-rays are created by a copper filament and hit the surface with an angle θ, see figure 6.  

 

 

 

 

 

The circles in figure 6 represent atoms, the lines the path of the X-ray beam and d the 

distance between the atomic layers. The beam following the path hitting the lower atom row 

will travel a longer distance (additional distance is presented by A-B-C) than the beam of the 

path hitting the upper row.  

Figure 6. Illustration of Bragg’s law. Θ is the incident angle, d is the distance between atom 

layers and A-B-C represent the extra distance travelled by the lower part of the beam. 

 

 

   

A C 

B 

θ 

d 
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The photons penetrate micrometers into the sample and are diffracted by the electrons 

of the atoms. Depending on the atomic positions and the wavelength of the X-rays, 

constructive interference will occur at specific angles in accordance with Bragg’s law, see 

equation (13).  

 

                                                       (13) 

 

The reflection angle is the same as the incidence angle θ. To create constructive 

interference, the beam paths need to be shifted by a whole number of wavelengths. The 

distance between A-B and B-C in figure 6 is the same, dsin θ, where d is the distance between 

the atom layers. In other words, the total extra distance travelled of the lower beam is 2dsin θ. 

Bragg’s law gives the allowed peak angles, resulting from constructive interference 

between families of planes, [h, k, l]. Atomic planes laying the same direction belong to the 

same family of planes. The Miller indices (h, k, l) denotes the direction of the plane in a three 

dimensional coordinate system. The letters is the reciprocal numbers of the cross section 

between coordinate axis and the planes. A line over the number represents a negative number.  

The outgoing intensity of the beam at a certain angle (2 Ө) is detected and a graph is 

presented. A wide theta scan is done (where the angle 2Ө is varied) to determine the elements 

in the sample by the positions of the peaks. Every element has its own fingerprint by the peak 

positions and intensities. To determine the grain size of an element in the sample, a theta scan 

is preformed in the angle range of interest, usually over the highest intensity peak of the 

element. 

The Cu grain sizes are calculated by the Scherrer equation, see equation (14), using the 

full width half maximum (FWHM) of the Cu [111] peak and the position ~43.3° (2θ).  

Scherrer equation: 

                                                    (14) 

 

where β is the full width half maximum (FWHM), βexp is the experimentally measured 

FWHM, βstd is the standard FWHM created by the instrument, K is a method constant, 0.89 < 

K > 1.39, λ is the incident beam wavelength, Lhkl is the grain size and θ is the incident angle 

of the beam. A smaller grain size will give a broader peak. 
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3.4.4 Energy dispersive X-ray spectroscopy (EDX) 

 

EDX is used to determine the elements in a specific position of the sample. The EDX is 

connected to the SEM, it is therefore possible to see the morphology of the sample and 

determine which element it consists of at the same time.  

The characteristic X-rays are emitted by the sample when an electron beam hits the 

sample. When electrons hit the sample electrons inside the sample are excited for a very short 

moment and then they relax while emitting X-rays. The X-rays are therefore characteristic of 

the energy of the electron transitions in an element. EDX is sensitive for the upper bulk to 

surface of the sample since electrons penetrate into the sample depending on their energy and 

the density of the material. The penetration depth increases with higher energy of the incident 

electron beam and lower density of the material. The incident decelerated electrons in the 

sample also create X-rays, which is usually seen as a continuous background, so called 

Bremsstrahlung. The X-rays emitted from the sample goes through a Beryllium window to 

keep the detector free from carbon contamination. The detector is a semiconductor crystal 

where the X-rays create a certain amount of electron-hole pairs. The bias produced by the 

electron-hole pairs is measured and related to the energy of the X-rays. The Beryllium 

window limit the EDX performance for very light elements, atomic number <11, since their 

X-rays are stopped by the Be window. 

 

3.4.5 Thermal diffusivity measurements 

 

Thermal diffusivity measurements were done by using a flash and an IR-detector. The 

method is simple, cheap and very fast; it only takes a few seconds to make a measurement. It 

is a non-steady state method, it is not necessary to wait until the whole sample has the same 

temperature. 

The sample is prepared by covering it with graphite spray in order to absorb as much 

heat as possible during the measurement. The sample is mounted into a holder that makes sure 

that no IR-radiation can reach the detector without going through the sample. The thickness of 

the sample is measured, and the smallest value of the thickness is used in the calculations. The 

sample needs to be solid with parallel sides to get more accurate measurements and preferably 
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circular due to the construction of the sample holder. The flash is directed onto the sample by 

a cone.  

Samples with irregular shapes can be measured by covering the holes between the 

holder and sample by aluminum foil. This is although not recommended since it is quite 

tricky, time consuming and gives a higher error in the values of the thermal diffusivity. 

A flash is directed to the front side of the sample. A light sensor, sensitive to the flash, 

connected to an oscilloscope, measures the trigger point of the measurements. An IR detector 

measures the temperature increase, from room temperature, at the rear side of the sample, as a 

function of time. To have good measurements, the detector needs to register a couple of 

degrees of temperature increase. The detector and the oscilloscope are connected to a 

computer. The program used for processing the data is programmed in the software MatLab. 

The thermal diffusivity is calculated from the data given at the time when half of the 

maximum temperature is detected. The calculations are based on Parkers model with no heat 

loss during the experiment, using equation (15). 

 

                                                                                                                      (15) 

 

Where  [m
2
/s] is the thermal diffusivity,  [m] is the thickness of the sample and  [s] is 

the time when the temperature has increased to half of its maximum. 

The power, frequency and the dwell time of the flash can be varied depending on the 

properties of the sample. If the heat passes through the sample too fast, another frequency and 

dwell time is used to make sure that all heat is detected accurately, and when the temperature 

increase is too low a higher power is used. A datasheet make sure that suitable properties of 

the flash are used. 

One example of a run is seen in figure 7. Figure 7 (a) shows the detected homogenous 

heat diffusivity in yellow-red. Outside of the red - orange ellipse is the sample holder. In 

figure 7 (b), the graph representing the selected values in figure 7 (a) are shown as the 

increase in detected temperature as a function of time. The measured graph fits the theoretical 

reference graph, seen in green, indicating a good measurement. 
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The result given by the program is a value of the heat diffusion at the point of the 

sample where the measurement was preformed. The error in the measurement is estimated 

with the theoretical curve as a reference. For being accepted the error must be less than 1%.  

It is also possible to create an image of the heat diffusion distribution with the flash 

technique. This is usually done with rather big samples since light is bent by the edges of 

samples giving rise to higher heat diffusion results on the edges of the sample, see figure 8. 

These measurements can take a couple of hours to perform, depending on the wanted 

resolution, since only one point at a time of the sample is measured. 

 

 

 

 

 

 

  

Figure 8. An example of a heat diffusion distribution measurement at low resolution. 

a. b. 

Figure 7. The selected area in figure (a) is the thermal diffusivity values plotted in figure (b). The green 

line in figure (b) is the theoretical reference. 

(a) (b) 
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The most common method to measure the thermal conductivity is by a commercial 

instrument using laser as a heater. The advantages are that the thermal conductivity can be 

measured at different temperatures and with different atmospheres, which is not possible with 

the flash technique described in previous sections. The more expensive systems usually 

manage both solid and powder samples, but still have limitations in the size and shape of the 

solid samples.  

If the thermal conductivity is measured directly, the given data is a plot of the thermal 

conductivity as a function of temperature. When measuring the diffusivity it is usually a 

temperature increase plot as a function of time.  
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4 Experimental details 
 

his chapter summaries the experimental details of the heat treatment and Cr –coatings, 

the electroless copper deposition, the sintering processes, the polishing of the solid 

samples and the characterizations of both powder and solid samples. 

 

4.1 Heat treatment and Cr coating 
 

The heat treatment of the fibres was done in an oven at 2750 °C. The cycle is presented 

in figure 9 and consists of five steps. In the first step, heating up to 850 °C at a rate of 20 

°C/min is preformed and in the second step further heating up to 2750 °C at a rate of 10 

°C/min is preformed. In the third step the temperature is held constant at 2750 °C for 30 min 

and during the fourth and fifth step the cycle is finished by cooling down the system. 

 

The PL fibres were heat treated before they were Cr coated with PVD. The coatings were 

done by Sina Kutschera in INP, Greifzwald, Germany. The coating consists of 24 weight 

percent of chromium of the fibre content, or in other words, of 3 volume percent of chromium 

of the fibre content. The coating was made by magnetron sputtering run by a direct current 

(DC) at 400 W. An image of the instrument is shown in figure 10 (a). The working gas was 

Ar at 0.5 Pa. The target material consisted of 99.95% of Cr. Inside of the reactor is a rotating 

T 

Figure 9. Graph over heat treatment cycle in five steps. 

10°C/min 

20°C/min 

 

20°C/min 

10°C/min 
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dish. This vessel has teeth inside which circulate the powder, see figure 10 (b). A second 

facility is that the vessel is able to vibrate decreasing the adhesion of Cr/CNFs to the vessel.  

  

 

 

4.2 Electroless Cu plating of CNF 
 

Chemicals: Copper sulphate pentahydrate powder (99% Reagent Plus
®
, Sigma Aldrich), 

Tin(II)chloride dihydrate powder (97%, Riedel-de Haën), Palladium(II)chloride powder 

(99%, Aldrich), Sodium hydroxide pellets (purum. p.a. 97% Fluka), Rochelle salt 

[KNaC4H4O6] (99% Reagent Plus
®
, Sigma Aldrich), Hydrochloric acid (puriss. p.a., Fluka, 

ACS Reagent, fuming 37%), Formaldehyde (37 wt%. in H2O, ACS reagent, Sigma Aldrich), 

Sulphuric acid (95.0-98.0%, Reagent, Aldrich), Potassium dichromate (99%, ACS Reagent, 

Aldrich), Acetone (99% Fluka). Carbon nanofibres with herringbone structure (HB) (300 nm 

in diameter and specific surface area 60 m
2
/g, Future Carbon), CNF with platelet (PL) 

structure (150 nm in diameter and specific surface area 120 m
2
/g, Future Carbon) also CNF-

PL fibres deposited with Cr by PVD and heat treated (2750 °C) CNF-HB and CNF-PL were 

used. 

Figure 10. To the right (a), the PVD coating instrument is shown and to the left (b) a magnified 

image of the vessel rotating the powder can be seen. 

(a) 

 

(b) 
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4.2.1 Pre-treatment 

 

The CNFs were pre-treated at 55
o
C in oven for ~60 min, cleaned with acetone and dried 

in an oven at 55
o
C for ~60 min. They were then treated with a solution of H2SO4/H2O in 

proportions of 1:4 and 0.06 M K2Cr2O7 to increase the surface reactivity and to introduce –OH 

and =O groups. The next step was sensitization, treating the CNFs with 0.034M Sn2Cl2·H2O 

and 0.4 M HCl. The final step is the activation. This is carried out by letting 50·mM Pd2Cl2 

dispersed in 2.5 ml/l HCl react with the CNFs. 

All the reactions were preformed during ultrasonication (Branson 5510 MTH, 40 kHz 

transducers) for 5 min followed by rinsing with distilled water, filtering and drying in oven at 

55 
o
C ~40 min. The volume of the treatment solutions, mentioned above, should at least cover 

the CNF powder. 

 

4.2.2 Coating 

 

The coating was made by electroless copper deposition. The metal salt in choice was 0.1 

M CuSO4·5H2O and as a complexing agent 0.2 M KNaC4H4O6 was used. 0.4 M NaOH was 

used to adjust the pH to ~12.  

The coating was performed during ultrasonication and was started by the addition of 17 

ml of formaldehyde per litre of coating solution. The reaction continued until all the Cu had 

been deposited on the CNFs, ~1 h, resulting in a transparent solution. The Cu/CNF solution 

was filtered and the Cu/CNF powder were rinsed in distilled water and dried in oven at 55
o
C 

overnight. Three different Cu coating volumes were used, 0.5 l /1 g CNF, 1 l /1 g CNF and 

2l/1 g CNF. The sample was finally crushed by a mortar and collected.  

The different coating volumes correlate to the weight percentages (indexed % wt) of 

fibre reinforcement. The relations are ~24% (~18% for PLCr) of CNFs in samples coated with 

0.5 l /1 g CNFs, ~14% (~10% for PLCr) of CNFs in samples coated with 1 l /1 g CNFs and 

finally ~7% (6% for PLCr) of CNFs in samples coated with 2l/1 g CNFs. The mass relations 

are calculated from knowing the weight of copper in CuSO4·5H2O and the weight of the 

coated CNFs. For comparing reasons the volume percentage (indexed %vol) of fibre 

reinforcement were calculated, 7%wt CNFs  resembles ~23%vol CNFs (6% wt resembles ~19% 

vol for PLCr); 14% wt CNFs  resambles~40% vol CNFs (10wt% resembles ~32%vol for PLCr) 

and 24% wt CNFs resembles ~56% vol CNFs (18wt% resembles ~47%vol for PLCr). From here 
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on the 7 weight % PL is denoted PL7 etc. 

 

4.3 Sintering 
 

Chemicals: Zink Stearate, Boron Nitride, graphite layer 

Solid condensation was performed by pre-pressing and spark plasma sintering (SPS, Dr 

Sinter 2050) or hot pressing (HP, Sintris 10STV). This hot press uses direct heating from a 

DC current through the die to heat the sample.  

The SPS samples were pre-pressed manually and sintered in a 12 mm graphite die. The 

inside of the die and the punches were covered with graphite layer. The sintering temperatures 

of all SPS samples were 600°C with a holding time at the maximum temperature between 2 

and 10 min, except for PL24, HBHT24, PLHT24 and PLCr18. The heat treated 24 weight 

percent samples and PL24,  were sintered at 650°C with holding times varying between 0 and 

5 min and PLCr18 was sintered at 550°C with a holding time of 1 min. All SPS samples were 

sintered at a pressure of 50 MPa except for the 24wt% CNFs that were sintered at a pressure of 

100 MPa. A typical SPS run is shown in figure 11.  

 

 

The temperature was measured by a thermocouple in contact with the die. The 

temperature inside the die is higher than the temperature measured on the outside surface of 

the die, but for low temperatures, 500-700
o
C, the temperature difference is small. 

Temperature measurements were done every 6
th

 second during low vacuum (5Pa). The system 

Figure 11. A schematic drawing of a SPS cycle. 
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is continuously cooled by water.  

The current through the sample reached a maximum of ~500 A and the voltage reached 

a maximum of ~3 V. The pulse time is around 30 s. The sintering was finished when the 

movement of the punches had stopped. Figure 12 describes the travel of the punch until it 

reaches a constant value. After a complete sintering run, argon gas was let in to increase the 

cooling down rate.  

 

 

Before hot pressing some PL powders were sintered by a press (Tinius Olsen) at 300 

MPa. Zink Stearate was used as a lubricant in the pre-pressing of the steel die (12 mm). For 

hot pressing, the punches in contact with the sample were covered by a layer of boron nitride 

to avoid a reaction with the sample. The die used for hot pressing was an extra strong graphite 

die (12.5 mm) that can manage pressures over 100 MPa. The temperature was measured with 

a pyrometer and a thermocouple at the same time, but the sintering was controlled by the 

pyrometer. The HP cycle of the samples are shown in figure 13. The run was modified for 

some samples, see table I. The maximum temperature and pressure used vary between the 

samples, see table I. The holding time at 450
o
C is 30s and the holding time at the maximum 

temperature is 180s for all samples except for HB24 and HBHT24 that have a holding time of 

250s at the maximum temperature. 

 

Figure 12. A typical graph over the moved distance of the punches during SPS sintering. 
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Sample T (°C) p (MPa) 

HB7 850 122.0 

HBHT7 120 122.0 

PL7 750 80.0 

PLHT7 750 80.0 

PLCR6 750 100.0 

HB14 900 100.0 

HBHT14 900 100.0 

PL14 800 100.0 

PLHT14 900 100.0 

PLCr10 900 122.0 

HB24 975 122.0 

HBHT24 975 122.0 

PL24 975 138.0 

PLCr18 975 138.0 

Table I. Hot pressing temperatures and pressures for different samples.  

Figure 13. Hot Press cycle. The black lines represent temperature, the blue lines pressure and 

green ones atmosphere, dashed lines shows steps. 
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4.4 Polishing 
 

Chemicals: Polyfast phenolic hot mountain resin with carbon filter (Struers), diamond 

slurry (Kemet, type WX star, 6 m, 3 m and 1 m), lubricant fluid (Kemet, Type W2), water 

Before polishing, the samples were prepared by a water-cooled mounting press 

(Simplement 3 Buehler). The samples were mounted in ~25 ml of Polyfast Phenolic hot 

mountain resin with carbon filter (Struers) for 6 min in 180 
o
C under the pressure of ~19 MPa. 

Polishing was preformed with SiC grinding paper (grit nr 1200 ~15.3 μm ) together 

with water as a lubricant followed by polishing with 6 m, 3 m and 1 m diameter of grains 

of diamond paste (Kemet, type WX star) with a lubricant fluid (Kemet, Type W2). The 

polishing was performed using a polishing machine (Ecomet 4 with Auotomet 2 Powerhead 

Grinder polisher, Buehler). The used rate was 50 rotations/min and the force varied between 

~62 N and ~110 N. Polishing was performed in every step until all the grinding lines were in 

different directions and in the same size range.  

 

4.5 Characterization 
 

Elemental analysis was done by a X-ray diffractometer (XRD, Philips PW-1729 using 

Cu Kα radiation) and EDX.  

The grain size determination of both powder and solid samples were done by XRD 

(Philips PW-1729) using Cu Kα radiation of 40 V and 40 mA. The diffractograms were 

recorded in the range of 41
o
 to 47

o
 (2Ө) and the FWHM of the Cu [111] diffraction peak was 

used for calculating the average diameter of the coherent diffracting domain according to the 

Scherrer equation. The XRD analyses were performed using the software X’Pert HighScore 

v1.0, Philips Analytical B.V.  

The morphology of the samples was determined by an optical microscope (Olympus 

BX 60) connected to a digital camera (Olympus E410), and by a scanning electron 

microscope (SEM, LEO 1550 Gemini). The surface of the solid samples were studied using 

the free software ImageJ (Rasband, W.S., ImageJ, U. S. National Institutes of Health, 

Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/, 1997-2008.) and from the EDX peak 

intensities of Cu and C.  
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The density of the carbon nanofibres and powder samples were determined by 

pycnometry in an AccuPyc 1330. The equipment was calibrated with a standard volume. Each 

run consisted of ten He- purges prior to five readings of the sample volume. The average 

volume value was used to extract the density of the five measurements. The standard 

deviation of one run was less than 0.0008 cm
3
 for sample volumes in the range of 0.1119-

0.8223 cm
3
.  

The bulk density measurements were done with a balance (Sartorius ME2359), using 

200 ml of distilled water and oil heated (90
o
C) paraffin. The temperature of the water was 

measured to get a better value of the water density. The samples must dry and cool down after 

the paraffin bath before weighting.  

Thermal diffusivity measurements were done at room temperature in air using an 

ordinary flash and an IR camera. A sensor together with an oscilloscope tracked the starting 

point of the measurement. The program was made in the software Matlab by Gerhard Traxler, 

Austrian Research centre. The thermal diffusivity values were determined using the time 

when half of the maximum temperature increase were detected and using the thickness of the 

sample.  
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Figure 14. Image (a), (b) show HB fibres and (c), (d) show PL fibres. 

5. Results 
 

he results are presented in chronological order, starting with characterizing results of the 

untreated fibres and modified fibres, followed by characterization of the solid samples. Finally 

the calculated thermal conductivity of the solid samples is presented. 

 

5.1 The untreated CNF powder 
 

The density and the morphology of the as-received CNF were investigated. The density 

of all the CNFs powder was measured to be around 2 g/cm
3
. The differences in densities 

between HB and PL are small; HB: 2.21 g/cm
3
 and PL: 2.24 g/cm

3
.  

The morphology of the powders was studied by SEM. Figures 14 (a) and (b) shows HB 

structured fibres and figures (c) and (d) show PL structured fibres.  

 

T 

(c

) 

(a) (b) 

Screwdriver fibres 

(c) (d) 
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The diameters of PL fibres are in general smaller than the diameter of HB fibres. This can be 

seen both by comparing the magnified images, figures 14 (a) and 14 (c) of HB and PL 

respectively, and in the overview micrographs, figures 14 (b) and 14 (d). An HB fibre is 

viewed in cross section in figure 14 (a) and has a diameter of ~400 nm, which can be 

compared to a PL fibre in figure 14 (c) with a diameter ~150 nm. As can be seen in figure 14 

(b), the HB fibres vary more in size compared to the PL fibres (figure 14 (d)). It is also 

possible to find unwanted “screwdriver” structured fibres, contaminating the HB sample in 

figure 14 (b). PL fibres are shorter and stiffer, hence they are not bent as frequently as the HB 

fibres which are long and entangling each other, creating a mesh. In summary, HB fibres are 

longer, thicker and have a lower density than the PL fibres. The PL powder is more 

homogenous with less contamination compared to the HB powder. 

 

5.2 Heat treated and Cr coated CNF samples 
 

  

 

 

 

 

(c) 

(a) 

(c) (d) 

(b) 

Figure 15. Heat treated HB and PL is shown in micrograph (a) and (b) respectively. PLCr fibres are 

shown in micrograph (c) and (d). In image (d) an EDX spot measurement on the Cr coated PL fibre is 

shown as an inset (the yellow peaks). 
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The density of the heat treated samples, HBHT: 2.18 g/cm
3
 and PLHT: 2.17 g/cm

3
, is 

slightly lower than the untreated; and almost the same for HBHT and PLHT. The density of 

the PLCr powder was not measured, but calculated, to be 2.68g/cm
3
. Figure 15 shows SEM 

images of the morphologies of the not yet Cu coated, but heat treated HB-, PL- and PLCr 

fibres. There are less small fibres in the heat treated samples, figure 15, compared to the 

untreated fibres, figure 14. The fibres are bigger in the HBHT sample, figure 15 (a), than in 

the PLHT sample, figure 15 (b). The PLHT fibres seem more dispersed than the PL fibres, 

figure 15 (d) and there is a smaller difference in fibre sizes compared to the HB fibres. The 

PLCr powder have fibres with a coating of Cr and some fibres without a coating, see figure 15 

(c) and 15 (d). The EDX results of the PLCr fibres show that there is chromium on the fibres, 

see the inset in figure 14 (d). The first unmarked peak is noise of the measurement. In short, 

the heat treated fibres have a lower density and bigger sized fibres compared to the untreated. 

Also, the Cr coatings done by PVD on the PL fibres were successful. 

 

5.3 Electroless plated samples 
 

5.3.1 Density and crystallite size 

 

The measured and calculated powder densities, after the copper coating, are presented in 

figure 16 (a) and (b), respectively. The density data is found in table A1-I, Appendix 1. 

 

b. 

Figure 16. Density as a function of CNF reinforcement. Graph (a) shows measured density and 

graph (b) the theoretical density. 

(a) (b) 
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Important to know when studying the densities of the samples, are that CNFs have a density 

around 2 g/cm
3
 and Cu has a density of 8,96 g/cm

3
 [1]. In other words, it is natural that the 

densities of the samples decrease with CNF reinforcement as seen in both graphs in figure 16. 

The measured densities for the 7%wt reinforcement of CNFs were between 6 g/cm
3
 and 7 

g/cm
3
. The 14%wt reinforcement of CNFs had lower densities between 5.5 g/cm

3
 and 6.5 

g/cm
3
 and the highest reinforcement of 24%wt CNFs had densities between 4.5 g/cm

3
 and 5 

g/cm
3
. The heat treated CNFs have higher densities after coating compared to the untreated, 

even though they had lower densities before coating. The density increase is due to the copper 

adhesion, and more copper on the fibres result in higher density of the powder sample. The 

increase in density is especially enhanced for all the HBHT samples. In all cases except for 

the 24% wt reinforcement, the density of the HB fibres increases more than of the PL fibres. 

The PLCr fibres increase its density around the same amount as the PL does. Notice that the 

PLCr has higher densities than the heat treated in all cases, except for the 14% wt (e.g. 10% wt) 

reinforcement, which is out of the linear trend in figure 16 (a). Also, the density of the HB14 

sample is lower than the linear trend for the other HB samples. The densities should be linear 

to the reinforcement as seen for the theoretical densities in figure 16 (b). In summary, the 

density decreases with CNF reinforcement and the heat treated fibres have higher densities, 

and therefore more copper adhered, than the untreated fibres. Also, the HB sample has 

increased the density more than the PL sample, even though the densities are higher for the 

PL sample. 

The size of the crystalline Cu domains on the coated CNFs were calculated from XRD 

measurements of the Cu [111] peak at 2θ = 43.4
o
. The size varies between 38 nm and 58 nm 

in diameter (assuming spherical grains), see figure 17. HB24, HBHT24 and PLHT24 also 

showed oxidation peaks from Cu2O with grain sizes of 37.7 nm; 31.4 nm and 47.5 nm 

respectively at the angle 2θ =~42.4
o
.  

 

 

 

 

 

 

 

 

Figure 17. Copper grain diameters (nm) on the coated CNFs. 
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The size calculations are based on the assumption of spherical grains. The 

measurements are only preformed in one direction of every sample; hence the size can be very 

different in another direction since the grain can have another shape than spherical. In the 

SEM the Cu grains are quadratic to rectangular. As can be seen in figure 17, there is a trend 

for HB structured CNF according to grain size. The grain size decreases with increasing 

amount of CNF in the product. The PL and the heat treated fibres all have a dip in grain size 

at 14 weight % CNF, and for the chromium treated samples the grain sizes are independent of 

reinforcement. In summary, the crystallite Cu grain size is small, 35-60 nm, and only minor 

variations between the samples were observed. The data for figure 17 is seen in table A2-I, in 

Appendix 2. Figure 18 shows a typical Cu [111] peak used for grain calculations. 

 

 

 

 

 

 

 

 

 

 

5.3.2 Morphology 

 

The aim for the copper coating of the CNF is to fully cover the surface of the CNF with 

a smooth coating. One good example of coating is shown in figure 19. 

 

 

 

 

 

 

 

 

The most interesting powder morphologies are shown by 14%wt CNF coated with 

Figure 18. An example of an XRD copper peak, given by the PLCr6 sample. 

Figure 19. Good copper coating of fibre. This is HB14. 

 

Position [°2Ө] 

Counts 

10000 

20000 

42 
0 

46 



36  5 Results 
 

 
 

copper, see figure 20. More HB14 fibres in figure 20 (a) seem to be coated compared to PL14 

fibres, both in the aspect of the number of coated fibres and in the aspect of the sizes of the 

coated areas. The amount of coated PLHT14 fibres is increased compared to the ordinary 

PL14 fibres. The coatings of the HBHT14 fibres, in figure 20 (b), seem to be smoother than 

the coating of HB14 fibres.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 20. Copper coated CNFs with 14% weight reinforcement of (a) HB, (b) HBHT, (c) PL,, 

(d) PLHT and (e) PLCr. 

(a) 

 

(b) 

(c) 

(e) 

(d) 
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The coating differences between HBHT14 and PLHT14 are less than between HB14 and 

PL14. The PLCr10 fibres, figure 20 (e), are more entangled with the copper than ordinary 

PL14. In PLCr10 there are almost no visible fibres. The best coating of the 14%wt CNFs are 

the HBHT powder with many copper coated CNFs and smooth coatings. The mixing between 

fibres and copper is also good for chromium coated samples. 

In the 7%wt CNFs the HB fibres are coated by copper spheres creating a “pearl 

necklace” structure with the copper balls as pearls and the fibre as a thread, see figure 21. The 

morphology of the 7%wt fibres show more clusters of copper with embedded fibres pointing 

out from the cluster in different directions. The HB7 seem to be better coated and more 

dispersed than the PL7, but the mixing between fibres and copper is good in both cases. 

 

 

In the 24%wt CNF reinforcement, the fibres seem to be everywhere and the copper 

grains are embedded in the fibres. The HB24 fibres are a compact network compared to the 

more dispersed PL24. Both samples show a lot of uncoated fibres. 

In summary, the HB fibres are better coated than the PL fibres. The heat treated samples 

show better coating properties than the untreated. The PLCr fibres are embedded in copper 

and hard to distinguish from the copper structures. For the HB7 the Cu has spherical 

structures on the CNF surface. The samples in the 14 weight % range show the best coatings 

and the samples in the 24 weight % range is the worst sample with a lot of uncoated fibres.  

Figure 21. Powder morphology of (a) HB7 and (b) PL7. The HB7 sample shows a spherical Cu 

structure along the fibres and the PL7 sample is more unordered. 

(a) (b) 
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5.4 Solid samples 
 

5.4.1 Geometries and densities 

 

The geometry of the solidified samples is cylindrical with a radius of 6 mm and a 

thickness of ~1-2 mm. The sintered densities of the solid samples and the sintered densities 

compared to the measured powder densities (percentage value) of the SPS and HP samples 

are shown in table II. The percent values show the ratio of the density of the solid sample and 

the density of the measured powder densities representing a theoretically fully sintered 

sample.  

 

 

 HB7 HBHT7 PL7 PLHT7 PLCR6 

SPS 5.96 (88.8%) 6.49 (90.9%) 6.22 (94.3%) 6.21 (91.5%) 6.70 (95.3%) 

HP 6.46 (96.3%) 6.77 (94.9%) 6.49 (98.4%) 6.58 (96.9%) 6.97 (99.2%) 

 HB14 HBHT14 PL14 PLHT14 PLCr10 

SPS 4.54 (81.7%) 5.50 (90.3%) 5.40 (92.7%) 5.23 (88.2%) 5.29 (94.3%) 

HP 5.41 (97.4%) 6.12 (100.4%) 5.72 (98.0%) 5.85 (98.7%) 5.92 (105.5%) 

 HB24 HBHT24 PL24 PLHT24 PLCr18 

SPS 3.82 (85.1%) 4.61 (97.0%) 4.37 (95.1%) 3.85 (83.6%) 4.72 (84.1%) 

HP 4.30 (102.9%) 5.31 (111.5% ) 4.88 (106.2%) - 5.45 (97.1%) 

 

The densities of the samples vary between 4 g/cm³ and 7 g/cm³. The HP samples have 

higher densities compared to the SPS samples. Sometimes the sintered density percentage is 

above 100% compared to the measured powder densities, indicating the incorrectness of the 

measured powder densities. The measured powder densities are constantly lower than the 

theoretical powder densities indicating that the pycnometry method has a constant error in the 

measurements. The sintered densities over 100%, further confirm this explanation. The 

measured sintered densities never exceed the theoretical powder densities except for hot 

pressed HBHT24 (103.4%), see figure 16 (b) or table A1-I, Appendix 1. 

  

Table II. Sintered densities and percent values for SPS and HP samples. 
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5.4.2 Cu-grain sizes 

 

The Cu grain sizes for SPS and HP samples are shown in table III. The Cu grain sizes of 

SPS samples are ~100 nm, around two times the powder grain sizes. The grain sizes of the HP 

samples are around two times larger than the SPS sintered samples (4 times the grain size of 

the powder). In general the grain size is smaller for the 24 weight % samples compared to the 

7 weight % samples with a peak of the grain size for the 14 weight % samples, following the 

trend for the Cu grain sizes of the powders. 

 

 

 HB7 HBHT7 PL7 PLHT7 PLCR6 

SPS 117.1 114.9 111 114.9 98.2 

HP 198.8 340.6 332.6 238.1 191.6 

 HB14 HBHT14 PL14 PLHT14 PLCr10 

SPS 107.5 118.5 44.8 106.2 109.7 

HP 216.9 235.5 183.0 152.6 197.7 

 HB24 HBHT24 PL24 PLHT24 PLCr18 

SPS 80.1 73.9 103.7 92.4 105.4 

HP 135.2 166.3 220.9 - 137.4 

 

5.4.3 Morphology of the solid samples 

 

The CNF distribution was imaged using optical microscopy, see figure 22, and SEM, 

see figure 24. In figure 22, the darker areas consist of more CNFs and the brighter areas of 

more copper. The CNF distribution between SPS and HP samples are similar and therefore 

the following CNF distribution results apply to both SPS and HP samples, if not further 

specified. The CNFs should be well distributed in the sample, with a few to none 

agglomerations.  

Figure 22b shows a more homogenous CNF agglomeration distribution, with smaller 

agglomeration sizes of the HBHT14 sample compared to the HB14 sample seen in figure 22 

a. This effect can also be seen for the 7%wt - and the 24%wt samples (not shown here).  

In figure 22, the PLCr10 sample with small and well distributed agglomerations is seen. 

Table III. The Cu grain sizes (nm) of the sintered samples. 
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The PLCr10 sample looks even better than the HBHT14 sample. This holds true also for the 

PLCr6 sample compared to the HBHT7 sample (not shown here), but not for the 24%wt  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

samples where the HBHT24 sample is better than PLCr18 sample. In short, the PLCr samples 

show the best CNF distributions, followed by HBHT. 

The edge effects of the SPS sintered HB24 sample (figure 22 (d)), can be seen on many 

SPS samples but in none of the HP samples. More agglomerations seem to be packed and 

outstretched close to the edge of the sample. The change of morphology close to the edge is 

related to the sintering.  

The agglomeration size distribution of the PL14 sample (not shown here) is wide, 

having a few large and many small agglomerations. The agglomeration size distribution of the 

HB14 sample is a subset of the PL14 agglomeration size distribution. The same trend can be 

seen for the HB7, HBHT7 and the HBHT24 samples compared to the PL7, PLHT7 and the 

PLHT24 samples respectively, but not for the HB24 sample compared to the PL24 sample. 

The HB24 sample has a higher amount of larger agglomerations compared to PL24. 

Figure 22. Optical micrographs of the surface of SPS sintered samples. Micrograph (a) shows HB14, 

(b) HBHT14, (c) PLCr10 and (d) shows edge effects of HB24. 

(a) (b) 

(c) (d) 
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There is no improvement in the morphology of the PLHT14 sample compared to the 

PL14 sample, or of the PLHT24 sample compared to the PL24 sample. In the case of the 

PLHT7 sample there can be seen a small improvement compared to the PL7 sample.  

The agglomerations of the HBHT24 sample are the smallest and have the most 

homogenous size distribution of all the samples, see figure 23.  

 

 

 

 

 

 

 

In general, the 7%wt samples have fewer but larger agglomerations compared to the 

14%wt and 24%wt. This result is also given by the software ImageJ; the numbers of spots and 

the total area of the spots, represented by black areas on the surface of the sample, are 

increasing with reinforcement. The PL samples have in general larger agglomerations than 

HB samples. The heat treated samples have a better CNF distribution than the untreated 

samples but the best distributions are presented by PLCr samples.  

The black areas and spots shown in the previous optical micrographs, figure 22, are not 

only agglomerated CNF areas. They can also represent cracks in the Cu-matrix, see figure 24 

(a). The amount of copper and CNFs in the agglomerated areas are different between the 

different agglomerations. One example of an agglomeration is shown in high magnification in 

figure 24 (b). Only some samples have CNFs all over the Cu matrix areas. These are HB24, 

HBHT24 for both SPS and HP samples and also HBHT14 among the HP samples. An 

example of this morphology is seen in figure 24 (c). Figure 24 (d) shows a magnified image 

over the morphology seen in figure 24 (c). The magnified image shows a fibre going through 

the Cu-matrix. There also exists holes were fibres have been extracted during polishing of the 

samples (not shown here). 

Figure 23. Good distribution of HBHT24. 
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5.5 Thermal conductivity 
 

The thermal conductivity was calculated from the measured thermal diffusion 

coefficients, α, for both SPS and HP samples by equation (2).  

 

                                                                                                                        (2) 
 

Where  is the specific heat capacity,  is the density and is 

the thermal diffusion coefficient. 

The specific heat capacity was calculated for each sample by a linear rule of volume 

mixture of CNF, Cu and Cr, with a general value for the heat capacities of each element. The 

specific heat capacities used for the fibres, copper and chromium was 930 J/kgK, 385 J/kgK 

and 450 J/kgK respectively. The density was measured by Archimedes’ principle and the 

thermal diffusivity was measured by the flash technique (see section 2). The values used for 

Figure 24. Morphologies of solid sample surfaces. Figure (a) shows a crack, (b) an agglomeration of 

CNFs, (c) an overview of the HB24 sample and (d) shows a fibre in the Cu-matrix. 

(a) (b) 

(c) (d) 
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determining the thermal conductivities are shown in table A3-I, Appendix 3 (including the 

conductivity values). 

The calculated thermal conductivities are shown in figure 25. The PLCr fibres are 

shown in orange, the HB fibres in blue and PL fibres in green columns. On the horizontal axis 

the weight reinforcement is set. The volume of reinforcement is lower for the PLCr fibres, 

6%, 10% and 18%, than for the other samples, 7%, 14% and 24%. In Figure 25 the PLCr6 is 

compared to the other samples with a weight reinforcement of 7% etc.  

The thermal conductivity decrease with increasing reinforcement of fibres. The 

maximum thermal conductivity is seen for PLCr6 with ~200 W/Km and a minimum for 

HBHT24 with ~20 W/Km, see figure 25. Among the 7% region of weight reinforcement 

samples, the sample with highest conductivity is PLCr, followed by HBHT and PLHT. In the 

14% weight reinforcement the HBHT and PLHT both have higher conductivities than the 

PLCr samples, even though the PLCr have a lower reinforcement. In the 24% weight 

reinforcement the PLCr have the highest thermal conductivity followed by PL and HB 

samples. 

As a summary, for the 7 and 14 weight % reinforcement of fibres the heat treated and Cr 

coated fibres are the most promising. When the fibre content is increased, the Cr coated and 

the original fibre types have the highest thermal conductivities. When comparing SPS and HP 

samples, the HP samples have the highest thermal conductivities except in the case of PLCr6 

with the highest conductivity of all, which is SPS sintered. 
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Figure 25. The diagram shows thermal conductivity as a function of weight reinforcement. Orange 

columns represent PLCr samples, blue- and green columns represent HB- and PL samples 

respectively. The columns are organized in pairs where the darker one is HP samples. 
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6 Discussion 
 

he discussion chapter is divided into two parts. The first part, section 6.1, discusses the 

methods and the second part, section 6.2, discusses the results. In this chapter as in the 

previous ones, the sections are given in a natural chronological order. 

 

6.1 Method 
 

In general, all sintering optimization and other trials were limited by the amount of 

powder and samples produced. Four reference samples: sintered pure copper and sintered pure 

fibres with both SPS and HP would have been needed to characterize the samples more 

accurate, for example to analyze the composition with EDX. 

 

6.1.1 Electroless plating 

 

The drawback with the method is the difficulty to determine the final composition of the 

material. Fibres might get lost in the filtering process after the treatments and some copper 

reduced in the solution might have been washed away. It is also important to control the 

parameters for example pH and temperature. In this study the temperature was only regulated 

to ~40°C, the process might be improve by a cooling system during the coating process 

creating more homogenous coatings. The process is time consuming and in this report only 1g 

of fibres was coated at the same time. For creating bigger samples a more efficient coating 

system is needed. All the parameters probably need to be adjusted for coating the fibres in a 

larger scale. It might be easier to get a good coating for a smaller amount of fibre than a larger 

amount. 

 

6.1.2 Pycnometry 

 

The pycnometry results are more accurate for nano-sized powders if the powder is 

somewhat compacted in the sample holder before measuring. The cleaning of the filter is also 

of importance since fibres easily contaminate it. The amount of sample is crucial to get 

accurate results; the amount should be as big as possible.  

  

T 
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6.1.3 SPS versus HP 

 

The SPS is much faster and the process is more easily followed by monitoring the 

shrinkage of the sample than in HP sintering. When the shrinkage has stopped (in the SPS), 

the sintering at that temperature and pressure has stopped. To increase the compaction, the 

temperature or pressure must be additionally increased. With the HP, it was not possible to 

follow the shrinkage during sintering and the run have to be completed, and the sample taken 

out, before measuring the density. In other words it is more time consuming to optimize the 

sintering parameters for the HP than the SPS. The HP gave no visible effects due to the 

sintering like in the border of the SPS samples. The densities are better for the HP samples 

and the optimization was better preformed for the HP parameters due to more working time 

with the HP. Anyway, the thermal diffusivity measurements of the SPS samples are still 

comparable to the HP samples, meaning that the SPS might be the preferable sintering 

method in this case. 

 

6.1.4 Polishing 

 

The polishing of the samples is crucial to the optical and SEM imaging and for the 

image processing with the software ImageJ. The polishing needs to create parallel planar 

samples with smooth surfaces. Any contamination from the sintering should be removed. The 

polishing should not extract fibres, create etching of the surface or cause additional 

contamination. Usually a SiC grinding paper is used in the first step of polishing. The SiC 

grains often stick to the copper, causing contamination. Therefore only a light, fast grinding 

with SiC (grit nr 1200 ~15.3 μm grits) and with SiC (grit nr 4000~5μm) are recommended. 

The first step removes the layer of boron nitride, graphite etc., used to protect the sample from 

reacting with the graphite punches during sintering. The second step polishes the sample 

shiny. After this, diamond paste with grains in the size of 3 microns is preferably used. The 

one micron diamond paste seems to remove fibres and should therefore be avoided. If the 

sample is polished for a long time, etching occurs. Etching will make the copper rearrange on 

the surface reducing its surface energy by creating spherical particles of copper. These 

spherical particles make the surface rough. The areas between the Cu spheres will then look 

black in the optical microscopy and be counted for a CNF agglomeration while analyzing the 

image with the software Image J.  
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6.1.5. ImageJ 

 

In ImageJ, the area fractions and the number of CNF areas in the sample images were 

analyzed. If the samples are not perfectly flat, cavities or other lower parts in the surface of 

the sample will contribute to the CNF areas, and hence to the particle counting. The software 

has problems determining were one agglomeration ends and the next one begins. Also, 

contamination on the surface make it difficult to accurate characterize the surface in this way. 

 

6.2 Results 
 

6.2.1 The as-received carbon nanofibres 

 

The uncoated carbon nanofibres from Future carbon vary in quality and purity between 

PL and HB fibres. PL fibres have a more homogenous size distribution compared to the HB 

fibres and among the HB fibres more “screw driver” fibres, which in this case are 

contaminations, are found. The PL fibres are shorter and more dispersed than the HB fibres. 

The dispersion of the original fibres is also of importance, since well dispersed fibres will 

result in less agglomerated final material. These properties speak in favour of the PL fibres. 

 

6.2.2 Modified CNF samples 

 

The SEM results of the morphologies of the powders and the decrease in densities of the 

heat treated fibres, shows that heat treated fibres have a larger diameter than the untreated. 

This is in agreement with the decrease in surface area/volume ratio as stated in section 2.4.1. 

A reason for this could be that the large curvature of the smaller fibres will make them more 

unstable since they will have a higher surface energy and a higher partial pressure than larger 

fibres. The fibres with a smaller diameter might be more unstable, evaporate and later on 

contribute to the growth of larger fibres. According to section 2.4.1, heat treatment makes the 

fibres more similar to graphite and more ordered. The densities of the different heat treated 

samples are more similar after treatment than before, indicating that the fibre types are more 

similar after treatment. This result is also in agreement with previous published results [22], 

showing the increase in similarities in interlayer spacing between the two fibre types, see 

section 2.5.1. The density of the HB fibres changes more during heat treatment than the PL 
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fibres. This could be due to the different graphene structures of the fibres. The energy of the 

conical graphene sheets of HB fibres are probably increasing more with a smaller CNF 

diameter, than the flat graphene sheets of the PL fibres are. The heat treated fibres seem to be 

better dispersed than the untreated. This could also be a result from the bigger sizes of the 

heat treated fibres since bigger fibres need more energy to bend than small and the probability 

of creating a mesh of CNF entangling each other are lower. Narrowing the fibre size 

distribution, increasing the order of the graphite planes and more dispersed fibres leads to a 

more homogenous powder, which contributes to the better properties of the heat treated fibres.  

The PVD coating of Cr on the PLCr fibres are homogenous which is good for the 

continuing copper coating, but the thickness is hard to determine from the SEM images. The 

Cr coated fibres are much thicker than the surrounding non-coated fibres. This leads to two 

options, either the coatings are a bit thick, around 200 nm, or PVD is more successful on 

bigger fibres and the Cr coatings are thinner. A thin coating of Cr is preferable since its only 

purpose is to increase the adhesion of copper to the CNFs, and not to affect the final material 

in any other way. If the method is selective in favour for the biggest fibres, this could be 

explained by the fact that it might be easier for the Cr atoms to adhere to a less bent surface. 

 

6.2.3 Densities of electroless Cu plated samples 

 

The densities of the solid samples show a linear decrease with CNF reinforcement. This 

is expected since the density is proportional to the volume of every element in the sample 

times the elemental density, and CNFs have a lower density than copper. From the result, see 

section 5.3.1., it is clear that the PLCr10 fibres do not follow this trend. The main reason for 

this is inaccurate density measurements. The powder density measurements were done by 

pycnometry. The pycnometry is sensitive for the measured amount of the sample. In the case 

of PLCr10, the measured powder amount probably was too low.  

The theoretical density calculations show that the density after Cu coating, with the 

same amount of Cu, should be independent of fibre type, since the fibre types have very 

similar densities before the copper coating. The measured densities show that this is not the 

case, the copper coated fibre densities vary between fibre types. This indicate that the fibre 

type indeed affect the success of the copper deposition. 

It is the density increase between uncoated and coated fibres that is interesting to 
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compare. From the density results (see section 5.3.1) it can be seen that the PL and PLHT 

have very similar densities after coating even though PLHT have a lower density before. This 

suggests that more copper has adhered to the PLHT fibres than to the PL fibres. This effect is 

even more enhanced for the copper coated HBHT powder, that have a much higher density 

than the copper coated HB powder, even though the HBHT fibres have a lower density than 

HB fibres before coating. The PLCr samples have increased their densities with a similar 

amount as PL fibres, but the copper coated PLCr fibres are compared to the higher theoretical 

density of PLCr fibres, and not like the PL fibres to the lower pycnometry results. In other 

words, the PLCr fibres have increased its density more than the PL fibres indicating that the 

Cr coating enhance the copper deposition.  

In general, the theoretical densities are higher than the pycnometry measured densities. 

This might seem like a strange result, since the light fibres might disappear during the 

process, resulting in a higher density than the theoretical. 

 

6.2.4 Copper grain sizes of electroless Cu plated samples 

 

There is a trend for the HB and PL copper grain sizes, the grain size decreases with 

CNF reinforcement. This could be explained by the fact that in the electroless process, the 

same amount of fibre (1g) is coated with different volumes of the copper solution. The fibres 

with highest CNF reinforcement are coated by the smallest volume of the copper solution. 

The fibres coated with a smaller amount of copper have a smaller ratio between Cu
2+ 

and 

available nuclei points on the CNFs compared to the fibres coated with a higher volume of 

copper solution. If the Cu
2+

 have many available nuclei positions at the CNF surface, the 

probability increase for the ion to adhere to an empty position. If there are many copper ions, 

the probability to find an empty position on a CNF decrease and the Cu
2+

 start to adhere to 

other Cu
2+

 resulting in increasing Cu grain sizes. Interesting to notice is that the grain sizes of 

the PLCr coated fibres are independent of CNF reinforcement. This suggest that the Cu
2+

 

prefer to adhere to Cr compared to other Cu particles and further that the Cr particles work as 

Cu grain size inhibitors.  

 

6.2.5 Quality of copper coatings of electroless Cu plated samples 

 

The PL fibres are less covered by copper compared to the HB fibres, see section 5.3.2, 
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even though the PL fibres are more homogenous in size than the HB fibres. This has to be due 

to the structural differences between the fibres. The surfaces of the two fibre types have 

different bonding properties, because of the different direction of the graphene planes. The PL 

fibres have more graphene sheet edges pointing to the surface, per length of the fibre, 

compared to the HB fibres. This is because of the smaller graphene sheet distance of the PL 

fibres, see section 2.3.2. Additionally, the angle of the HB graphene sheets results in a larger 

exposed surface graphene area compared to PL fibres. The heat treatment of both PL and HB 

fibres before Cu deposition, increase the amount of coated fibres and the homogeneity of the 

coatings. The distances between the graphene planes are decreasing when the fibres are heat 

treated and the looping between the edges of the graphene sheets becomes more enhanced. 

During our pre treatment of the fibres, functional groups of e.g. –OH stick to the fibre 

surface. The positions of the functional groups are the nuclei points for the Sn, Pd and later on 

the copper in the electroless process. According to Córdoba et al. [20] the activation energy of 

oxidising HB fibres (126 kJ/mol) are lower than for PL fibres (145 kJ/mol) suggesting that 

copper nuclei points are easier achieved at HB fibres than PL fibres in accordance with the 

results of the denser Cu coatings of HB fibres. The oxygen activation energies of the heat 

treated fibres (HBHT: 216 kJ/mol and PLHT: 174 kJ/mol) are on the other hand larger than 

for the untreated fibres even though the coating results show denser and more fully coated 

fibres after heat treatment. Hence no true relation between the oxygen activation energies of 

the fibres and the coating qualities can be seen. Another way of achieving more nuclei points 

would be to increase the surface area of the fibres, but since the dense Cu coated heat treated 

fibres are larger in diameter after heat treatment the surface/volume area decreases with heat 

treatment. There is therefore no obvious relation between surface area and coating qualities.  

The success in the Cu coating of the fibres seems to be connected to the amount of 

exposed surface of graphene planes, HB having more exposed graphene sheets than PL fibres 

and heat treated fibres having enhanced looping between graphene planes reducing the edges 

and increasing the graphene sheet areas. Kim et al. [6] have reported good copper coatings for 

longitudinal aligned fibres, fibres with only graphene sheet areas exposed to the surface of the 

fibre, further confirming this theory. The underlying understanding for this effect is although 

still absent and more research of the Cu coating bonding properties is needed. Lee et al.[44] 

have investigated the bonding properties of CNF reinforced Cu composites prepared by the 

infiltration process. In that case no bonding between Cu and carbon atoms exist, instead the 

strength between the layers are directed towards a mechanical interlocking of copper atoms to 
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the surface of the CNF. But since the infiltration method uses no chemical procedure for 

creating the Cu/CNF composite, similar to the one used in electroless plating, the bonding 

mechanisms might not be comparable.  

The SEM images usually shows very well-coated fibres, “drowned” in copper, or fibres 

with no coating at all. This indicates that it is easier to coat a fibre that already has a copper 

ion on the surface. According to section 3.1, copper can act as a catalyst in the coating 

process. This is a problem since it results in a structure of copper spheres rather than a 

homogenous coating.  

In the copper coated PLCr fibres, no fibres are visible and only structures of copper can 

be seen. The fibres are fully surrounded by copper structures. This indicates that the Cr 

coating increase the efficiency of the coating process just as the theory predicted. 

In the coated 7%wt CNF samples the fibres can be seen easily, see figure 21, page 37. In 

the case of HB fibres the copper forms spherical structures at the nuclei points. The balls 

create a “pearl necklace” and have almost no contact with each other. The PL fibres are seen 

in clusters surrounded by copper. In the 24%wt CNF samples, naked fibres are seen 

everywhere. The copper has no chance of covering all the fibres because of the small Cu/CNF 

ratio. The coatings in the 14%wt CNF cover the fibres more fully than both the 7%wt and the 

24%wt indicating that this amount of copper is preferable. 

In summary, the Cu coatings are more dense and homogenous for heat treated and HB 

fibres. Also, Cr atoms on the PL fibres successfully increase the adhesion of Cu atoms on the 

CNF. 

 

6.2.6 Geometries and densities of solid samples 

 

The geometry of the solid samples is a cylinder 12 mm in diameter, with various thicknesses 

depending on the CNF reinforcement and the amount of sintered powder weight. Usually, an 

increase in CNF reinforcement makes the samples thicker since they are harder to sinter to 

full density. For the 12 mm die, a powder weight of 2 g is preferable if the samples are to be 

fully sintered. Then the samples might be around 2 mm thick, which is still manageable for 

further characterization.  

The sintered densities of the solid samples are measured by the Archimedes’ principle. 
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These densities can be compared to (i) the theoretical densities (calculated by pycnometry 

measured CNF densities and literature values of Cu and Cr by the linear rule of mixture) and 

(ii) the pycnomtery measured powder densities of every sample.  

The results of the densities of the solid samples see table II page 38, shows that all the 

hot pressed samples with a 24%wt of CNF reinforcement, the HBHT14 and the PLCr10 

sample have a solid density over 100% compared to (ii) the pycnometry powder results. This 

is of course not possible; the density of a sintered sample can never exceed its powder 

density/theoretical density. During sintering, porosities in the sample can be produced, 

especially if the different elements in the sample have different structures, as in the case for 

Cu/CNF composite. As discussed in section 6.3.1 all (ii) the measured powder densities are 

lower than the calculated. This, together with the fact that some of the densities of the solid 

samples are over 100% compared to the measured powder densities show that the pycnometer 

measures too low densities. The decrease in (ii) pycnometry measured powder densities 

compared to (i) the theoretical powder values are in average 8.6 % for every sample. The high 

density percent of the solid PLCr10 sample (105.5 %) and the solid HB24 sample (102.9 %) 

compared to their (ii) pycnometry powder densities, can be explained by studying the density 

trend line of the powders (figure 16 page 33). The PLCr10 and HB24 sample clearly have a 

lower (ii) pycnometry powder density compared to the trend of the other PLCr and HB 

samples, respectively. Additionally, when comparing the difference between (i) the theoretical 

density and (ii) the measured powder density of PLCr10 and HB24 with the other samples, 

the difference is 22.2 % and 16.9 % respectively. The difference for PLCr10 sample is almost 

three times bigger than the average and the highest difference seen for all samples. The 

difference for HB24 sample is the second highest of all samples. This means that the 

pycnometry measurements for these powder samples are less accurate than for the rest of the 

samples. This could be due to the small amount of used powder when measuring the density 

of these samples.  

The HBHT24 and the HBHT14 samples have the highest sintered densities of all solid 

samples (103.4 % and 98.0 % compared to (i) the theoretically calculated powder density 

respectively) and their densities exceed (ii) the pycnometry measured powder densities. If the 

pycnometry powder measurements are lower for all samples in general, the samples with a 

very high sintering density will exceed the pycnometry density. 

The density (106.2 % compared to (ii) the pycnometry powder measurement), of the 
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solid PL24 sample is above 100%. The high density seem to be an outcome of the 

combination of good sintering (93.74% relative to (i) the theoretical density of the sample), 

and a slightly lower (ii) pycnometry powder density of the sample compared to the average. 

If the sintered densities are compared to (i) the theoretical densities, none of the samples 

are fully sintered, except for the HBHT24 sample that have a density slightly above the 

theoretical (103.4 %). But the densities of the CNFs used for the theoretical calculations are 

measured by pycnometry. If the pycnometry measures to low densities for the pure CNF 

powders the theoretical densities are lower than they should be and the error increase with 

CNF reinforcement. This could explain the high sintered to theoretical density ratio of 

HBHT24.  

All the samples with a too high sintered density ratio are HP samples; they also have the 

highest densities in general. The higher densities of the HP sintered samples, might not relate 

to the method as much as to the optimization. The HP parameters were optimized and the SPS 

parameters were not optimized. 

In summary, the powder densities measured by pycnometry are lower than the real 

powder density resulting in higher relative densities of the solid samples than possible. The 

error in the pycnometry measurements also affects the calculated theoretical densities of the 

powders, since the densities of the CNFs used in the calculations are given by pycnometry 

measurements. Hence, the error in the theoretical powder densities increases with CNF 

reinforcement. This is the reason to the high relative sintered density of the HBHT24 sample 

(103.4 %) to (i) the calculated theoretical density. The samples with sintered densities above 

100 % of (ii) the pycnometry powder density are either a result of bad pycnometry 

measurements, bad Archimedes’ density measurement and a very good sintering density for 

that particular sample, or a combination of these factors. The HP samples have higher relative 

densities (95-100 %) than the SPS sintered samples (83-97 %), due to optimization of the 

sintering parameters for the HP. The percent value is the ratio of the density of the solid 

sample and the pycnometry powder density. 

 

6.2.7 Cu grain sizes of solid samples 

 

The copper grain sizes increase during sintering. This is expected since high 

temperature and pressure makes the metal more plastic and fluid. The diffusion of grain 
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boundaries are increasing and neighbouring grains coalesce. The grain sizes of the SPS 

sintered samples are twice as large as the powder grain sizes but the HP samples have four 

times larger grain sizes. The SPS method is known for giving a small grain size, since lower 

sintering temperature and pressure can be used to create fully sintered samples. The HP 

samples have larger grain sizes, due to the higher temperatures and pressures used during 

sintering. A larger grain size will increase the thermal diffusivity and conductivity since there 

will be less grain boundaries. When the grain sizes have increased, it is a sign that the copper 

has been more fluid. There is a risk that the copper diffuses from the surface of the CNFs, 

leaving agglomerations of CNF left if the copper gets too fluid. That is the reason for wanting 

to keep the temperature down and instead increasing the pressure of the sintering cycles. On 

the other hand, if the copper is fluid it might reduce porosities, leading to higher thermal 

diffusivity/conductivity. Higher pressure might also capsule porosities. The same trend is seen 

for the grain sizes of the solid samples as for the powder samples; the grain sizes increase 

with increasing Cu amount. The same effects as for the copper-coated PLCr powder densities 

are observed for the sintered PLCr samples; all samples have similar grain sizes. The sintering 

has affected all the samples in the same way, increasing the grain sizes with similar amounts. 

In short, the Cu grain crystallite sizes increase more during HP sintering than during 

SPS sintering. This is a result of the higher temperatures and pressures used during HP 

sintering. The thermal conductivity is known to increase with larger grain size, since there 

will be less grain boundaries in the final composite. The grain sizes of the PLCr samples have 

increased the same amount, independent of CNF reinforcement. 

 

6.2.8 CNF distribution of solid samples 

 

In general, PL samples have big and few agglomerations and the HB samples have 

many small. Therefore, the HB fibres must be more dispersed in the samples compared to the 

PL fibres. The distributions and agglomeration sizes of the heat treated samples and the PLCr 

samples are better than for the others. The HB samples compared to the PL samples have 

better copper coatings, affecting the distribution by reducing the agglomerations. The same 

effect applies to heat treated and PLCr samples compared to all other samples. The HBHT 

fibres have increased its CNF distribution properties more compared to HB fibres, than PLHT 

fibres have, compared to PL fibres. This can also be explained by the coating qualities; the 

HBHT powders have more homogenous coatings than PLHT powders.  
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The HB7 and PL7 samples are exceptions from the general trend, where the PL samples 

are better than the HB samples; PL7 has larger agglomerations than HB7. In the case of the 

HBHT24 and PLHT24, the HBHT24 have less agglomerations and better size distribution 

compared to PLHT24. The size distribution of the agglomerations in PLCr18 is better than in 

PL24 and HB24 but worse than HBHT24. The explanations for these results are that the 

coatings are better for the HBHT24 than the PLCr18. The PL samples are also better than the 

HB samples in distributing the fibres when the CNF reinforcement is large (the small amount 

of copper-coatings contribute less to the dispersion). In other words, if the coatings of the 

fibre were equally good for both fibre types, the PL would have a better distribution. This 

might be due to the fact that PL fibres are shorter than HB fibres. The very good homogenous 

agglomeration distribution of the HBHT24 is not only related to the coating but to the huge 

amount of fibres. In summary, there seem to be two properties that affect the distribution of 

CNF agglomerations; the copper coating quality and the capability of the naked fibres to 

disperse. A good copper coating enhances the agglomeration dispersion more than only a 

good dispersion of the naked fibres. But when the coatings are poor, the dispersion of the 

naked fibres in the Cu matrix becomes more important. 

The edge effects only seen in SPS sintered samples might be caused by a non-uniform 

fast heating. Since the material is conductive, a current passes through the sample. In the 

places where the current prefer to pass, heating is more efficient. If the heating is better in the 

centre of the sample, the copper might get more fluid there and diffuse to the cooler edges, 

pushing the CNF agglomerations in the same direction, on its way. This might result in the 

more deformed agglomerations (not as spherical, more ellipsoidal) piling up near the edge of 

the sample. 

 

6.2.9 Morphologies of the solid samples 

 

The morphologies of the solid samples show that the CNFs are still intact after 

sintering, which is good. It can also be seen that the CNF agglomerations contain different 

amounts of copper depending on the success of the coating. Cracks in the copper matrix 

caused by CNFs that goes through the matrix, can be seen in all samples. The Cu matrix 

surrounds the CNF closely and quite smoothly. Holes were CNF agglomerations have been 

dragged out by the polishing process is also present. The HBHT24 (SPS and HP samples), 

HB24 (SPS and HP samples) and the HBHT14 (HP sample) contain a lot of visible fibres in 
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the copper matrix, see figure 24 (c) page 42. The reason for these effects must be the larger 

CNF reinforcement, forcing the fibres out into the Cu matrix. The effect is only seen in HB 

fibre samples, maybe because of the higher wettability of HB fibres. These fibres seem to be 

aligned with the surface plane of the sample, none of them pointing out of the surface. This is 

an interesting property that might result from the sintering processes, where pressure is 

applied in one direction. The fibres would then align perpendicular to the force which in this 

case is in the plane of the surface. Maybe the lower mechanical strength for the HB fibre 

compared to the PL fibre make them more willing to align when pressure is applied. 

 

6.2.10 Thermodynamic properties 

 

The thermal diffusivity values vary between 3 and 60 mm
2
/s, which is a wide range. 

The lowest thermal diffusivity and thermal conductivity values are seen for the 24%wt CNF 

reinforcement and the diffusivity and conductivity increase fast with decreasing fibre content. 

In other words, the CNF reduces the thermal diffusivity and conductivity. This could be due 

to the fact that the fibres are not aligned, even though the heat travel fast inside the fibres, it 

might end up in the same position if the fibre is bent. The net heat transportation through the 

sample is then low. The HB fibres are more bent, longer and more entangled than PL fibres. 

This might explain why the thermal diffusivity values of PL samples are quite good, even if 

the Cu coatings are worse. The more agglomerated areas in PL samples might enhance the 

thermal diffusivity since the heat easily passes around the agglomerations. The PL fibres have 

better thermal conductivities than the HB fibres, but the HBHT fibres have better thermal 

properties than the PLHT. In the PLHT samples, the coatings are a bit worse than the HBHT 

fibres, but for both of the samples, the coating is quite good. The worse coating of the PLHT 

fibres might be compensated by the more agglomerated CNF areas. In the case of the PL and 

HB fibres, the coatings are worse and contribute less to the thermal properties. Now the 

distribution of the fibres are more important, more agglomerated CNF areas result in purer Cu 

areas were heat can travel fast and undisturbed. 

The fibres that are aligned perpendicular to the heat path hinder the heat transport since 

the thermal diffusivity and conductivity are lower in the perpendicular direction compared 

along the fibre. Unfortunately the thermal diffusivities are measured in the same direction in 

the sample as the applied pressure in the sintering process. If the fibres align perpendicular to 

the applied pressure during sintering, this would decrease the thermal diffusivity in the same 
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direction, and increase the thermal diffusivity perpendicular to the applied pressure.  

The HP samples have higher diffusivity values except for the PLHT7, PLCr6 and 

HBHT24 were the SPS samples have higher diffusivity values. Interestingly, these samples 

have a lower density for the SPS sintering than the HP sintering. This means that the SPS 

sintering itself increase the thermal diffusivity, not by increasing the density but perhaps by 

the fibre distribution or by keeping the copper coatings better fixed to the CNFs.  

The thermal conductivity is improved by the better coatings in the heat treated samples 

and PLCr samples all the samples except for the 24wt% CNF reinforced. The PLCr18 is the 

best of the 24wt% CNF reinforced samples followed by PL24. This might be due to the high 

CNF content, making it more preferable to have the CNF agglomerated, as seen in PL24, than 

having the fibres dispersed as in HBHT24. The reason for the better results for PLCr samples 

might be due to the lower CNF reinforcement (6, 10 and 18wt %). This makes the result for the 

HBHT14 and PLHT14 impressive since they have higher thermal conductivity than the 

PLCr10, even though they have a higher CNF content.  

As a summary, a balance between fibre content, coating ratio and agglomeration (size 

and dispersion) must hold to get a good thermal conductivity. 
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7 Conclusion 
 

 

It is possible to coat carbon nanofibres (CNF) with Cu by electroless deposition. It is 

also possible to nearly fully sinter the CNF reinforced copper matrix composites with spark 

plasma sintering (SPS) or hot pressing (HP). The sample with the highest thermal 

conductivity was made from PL fibres, PVD coated with chromium and electroless coated 

with Cu. The amount of chromium when PVD were preformed was 24% of the weight of the 

CNFs. The CNF weight reinforcement of the final composite was 6%. The thermal diffusivity 

of the sample was ~60 mm
2
/s and the thermal conductivity was calculated to be ~200 W/Km, 

which is lower than for copper. The thermal conductivity is concluded to decrease with 

increasing CNF reinforcement and increase for better Cu coatings of CNF. In case of bad Cu 

coatings or huge fibre content, it is preferable to have the fibres in agglomerations rather than 

dispersed. The heat is then transferred around the agglomerations. The distributions of the 

fibres in the Cu matrix are related to the fibre properties and the quality of the Cu coatings. It 

has been proved that heat treatment and Cr coating of fibres enhance the adhesion of copper 

onto the fibre and increase the thermal conductivity in the final composite. It has been 

concluded that fibres with exposed graphene layers (not edges) have denser and more 

homogenous Cu coatings preformed by the electroless plating. The copper crystallite grain 

sizes of the solid samples increase with higher sintering temperature and pressure hence a 

smaller grain size of samples sintered by SPS is seen. Even though the densities are lower for 

the SPS sintered samples compared to the HP samples they still possess relatively high 

thermal conductivity. This concludes that the SPS sintering is a preferable method for creating 

the CNF reinforced copper matrix composite. 
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8 Future work 
 

 

 Investigating HB chromium coated fibres 

Since the chromium coating successfully enhanced the wetting between copper and PL 

fibres, it should also be tried on HB fibres. 

 

 Measuring the coefficient of thermal expansion (CTE) of the final samples 

The CTE values are highly interesting for heat sinks. The aim is to have a CTE of ~10 

ppm. This should be measured for the range of temperatures common in heat sinks, 

~100-150°C and also for hot spots up to 400°C. 

 

 Measuring the specific heat capacity of the fibres 

It would be interesting to know if the different fibre types have different heat 

capacities and how much they vary between fibres. This will affect the thermal 

conductivity. 

 

 Transmission electron microscopy (TEM) of the solid samples 

To increase the understanding of the differences between Cu matrix areas and the 

agglomerated areas, TEM should be performed at both sites of interest. 

 

 Create bigger samples and measuring thermal conductivities in different 

directions including thermal mapping. 

It would be useful to create samples that have the same thickness and diameter for the 

thermal diffusivity measurements, to compare the thermal diffusivity in different 

directions. This might lead to the conclusion that the fibres in some extent align during 

the sintering. It is reasonable to think that the CNFs prefer a direction perpendicular to 

the applied pressure in the sintering. It would also be possible to create a thermal 

diffusivity map of the sample if it was bigger. This would give information about how 

the sintering methods affect the thermal diffusivity. In other words, this would show if 

the sintering method have a non-uniform heating, creating places with higher thermal 
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diffusivity etc.  

 

 Try to create a prototype of the material 

Is it possible to create such a big sample needed for the prototype with this method 

and how will the material function in a real situation? 
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Appendix 1 
 

 

Measured and theoretically calculated copper coated CNF densities  

 

 

 

 

 

 

 

 

 

 

 

 HB7 HBHT7 PL7 PLHT7 PLCR6 

Exp 6,71 7,13 6,6 6,79 7,02 
Theo 7,33 7,31 7,35 7,29 7,83 

 HB14 HBHT14 PL14 PLHT14 PLCr10 

Exp 5,55 6,09 5,83 5,93 5,61 
Theo 6,28 6,25 6,31 6,23 7,21 

 HB24 HBHT24 PL24 PLHT24 PLCr18 

Exp 4,49 4,76 4,6 4,61 5,62 
Theo 5,17 5,14 5,21 5,11 6,24 

Table A1-I. The table shows the measured pycnometry 

densities and the theoretically calculated densities [g/cm
3
] 

for the copper coated CNFs. 





 

69 
 

Appendix 2 
 

 

Measured crystallite Cu grain size on Cu coated CNFs (powder) 

 

 

HB7 HBHT7 PL7 PLHT7 PLCr6 

52.0 51.9 53.9 55.7 55.6 

HB14 HBHT14 PL14 PLHT14 PLCr10 

46.0 39.0 46.9 40.1 56.4 

HB24 HBHT24 PL24 PLHT24 PLCr18 

37.7 51.3 45.8 43.2 57.7 

 
 

Table A2-I. The table shows the crystallite Cu grain diameter (nm) of the powder samples. 
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Appendix 3 
 

 

Thermal conductivity data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 SPS HP 

 
 

[x 10-6m²/s] 
Cp  

[J/kgK] 
TC  

[W/Km] 

 

[x 10-6m²/s] 
Cp  

[J/kgK] 
TC  

[W/Km] 

HB7 14.22 512.4 43.5 22.8 512.4 75.5 

HBHT7 47.23 513.6 157.3 49.4 513.6 171.8 

PL7 36.19 511.2 115.2 43.6 511.2 144.7 

PLHT7 45.07 514.4 144.0 43.5 514.4 147.1 

PLCR6 59.5 488.6 194.6 30.7 511.2 104.5 

HB14 4.205 601.6 28.4 13.9 601.6 45.3 

HBHT14 20.47 603.2 67.9 28.8 603.2 106.2 

PL14 14.8 600.1 48.0 20.4 600.1 70.1 

PLHT14 25.81 604.4 81.5 29.0 604.4 102.5 

PLCr10 26.16 559.4 79.7 23.8 600.1 84.8 

HB24 3.813 690.9 24.9 10.4 690.9 30.9 

HBHT24 9.587 692.6 30.6 4.6 692.6 16.9 

PL24 6.952 689.3 21.0 13.9 689.3 43.4 

PLHT24 3.841 693.7 10.3 - - - 

PLCr18 17.84 641.2 55.9 21.3 689.3 74.5 

Table A3-I. The table shows measured thermal diffusivity values, calculated 

specific heat capacity and thermal conductivity. The six highlighted values are 

the samples with highest thermal conductivity. 
 


