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Sammanfattning 
Detta examensarbete har utförts åt Saab Avitronics, en affärsenhet inom Saab AB, 
verksamma inom elektroniksystem för militära flygplan. I denna miljö är 
tillförlitlighet och vikt av stor betydelse. Inom elektronikkylning skulle möjligen 
grafit kunna användas för att öka tillförlitligheten och minska vikten. Grafit är ett 
anisotropiskt material vilket medför hög värmeledningsförmåga i två riktningar (i 
planet) och en relativt låg värmeledningsförmåga i den tredje riktningen (genom 
tjockleken). 

Syftet med arbetet har varit att utreda om grafit är ett adekvat material att använda 
som värmeledare till bärare för kretskort. Bärare används för att ge mekaniskt stöd 
samt kyla komponenterna på kretskorten genom att leda bort värmen. Arbetet har 
fokuserats på att omkonstruera en bärare till ett högeffektkort där kapaciteten för 
värmetransporten är nära sin maxgräns för konstruktionen.  

Arbetet har bestått av konceptgenerering för att finna omkonstruktionsmöjligheter av 
bäraren med värmespridare i form av grafit. Dessutom har konstruktionsanalyser 
genomförts genom praktiska prov och datasimuleringar. Testerna var framtagna för att 
jämföra grafit med olika värmeledningstal i olika riktningar samt undersöka hur 
grafiten påverkas av fuktig miljö. Simuleringarna gjordes för att utvärdera vilken 
påverkan de anisotropiska egenskaperna har vid olika tjocklekar på värmespridare av 
grafit.  

Resultatet var att den låga värmeledningsförmågan genom tjockleken påverkar mer 
vid ökad tjocklek. Att öka värmeledningen genom tjockleken på bekostnad av lägre 
värmeledning i planet sänkte inte temperaturskillnaderna i dessa tester. Grafiten 
påverkas i viss utsträckning av fukt och behöver därför inkapslas för att skyddas. Vid 
kylning av varma punkter s.k. ”hot spots” påverkar de anisotropiska egenskaperna 
mer än vid utbredd värmefördelning. 

Arbetet har resulterat i förslag på hur grafiten kan användas för omkonstruktion av 
bäraren och resonemang om miljökrav. Genom att använda grafit i olika 
konstruktionskonfigurationer kan temperaturen sänkas och/eller vikten minskas.  
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Abstract 
This master thesis was carried out for Saab Avitronics, a business unit of Saab AB 
active in electronic systems for military aircrafts. Reliability and weight are of crucial 
importance in this environment. To improve reliability and lower the weight graphite 
may be used for electronics cooling. Graphite is an anisotropic material and has 
thereof high thermal conductivity in two directions (in-plane) and a relatively low 
conductivity in the third direction (through thickness). 

The purpose of this thesis was to investigate if graphite is an adequate thermal 
conductor to use in PCB carriers. The carriers support and cool the PCB by diverting 
the heat dissipation from the PCB components to the edge. The focus of the thesis 
work was on redesign of a high power card carrier that was near its maximum 
capacity for heat transport.  

The work was carried out by generating design ideas on how graphite sheets could be 
used in the carrier and by performing design analyses consisting of practical tests and 
computer simulations. The tests were composed to exam different graphite sheets with 
different conductivity in-plane and through thickness and of investigating how 
graphite is affected by damp environment. Simulation was carried out to evaluate the 
impact of the anisotropic structure at different thicknesses on the spreaders.  

The result showed that the low conductivity through thickness have greater impact at 
thicker sheets. Improving the conductivity through thickness at the expense of lower 
in-plane conductivity did not decrease the temperature difference in this test. Sheet 
with higher in-plane conductivity performs best. The result showed that the 
conductivity in-plane has greater impact on the heat distribution than that through 
thickness. The graphite is somewhat affected by humidity and therefore needs to be 
coated. The anisotropic impact affects more for carriers with hot spots.  

The work resulted in design recommendations on how graphite could be used in a 
redesign of the carrier and considerations about environmental demands. By using 
graphite in different carrier designs the temperature can be decreased and/or the 
weight reduced.  
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Nomenclature 
A Heat exchange area m2 
Q Heat flow W 
T Temperature Degree Celsius °C 
ΔT Temperature difference °C 
λ Heat conductivity  W/mK 
h Material thickness, height of heat sink m, mm 
L Length of heat sink m 
b Width of heat sink m 
δ Length for heat conduction m 
ρ Density g/cm3 
R Thermal resistance W/K 
 Length of chemical bonds Å  

Abbreviations 
CAD Computer Aided Design 
CFD Computational Fluid Dynamics 
CVD Chemical Vapour Deposition 
EMI Electro Magnetic Interference 
FEM Finite Element Method 
HPC High Power Card  
IEEE Institute of Electrical and Electronics Engineers 
I-R Infra Red 
IR Interface Resistance  
MIL-STD Military Standard  
PCB Printed Circuit Board 
PGS Pyrolytic Graphite Sheet 
PR Power Resistor  
PSA Pressure Sensitive Adhesive 
TIM Thermal Interface Material 
TPG Thermal Pyrolytic Graphite 

Terminology 
Anisotropic  Material feature. The material properties alter depending with the 

material directions. 

Avionics Electronics for aeroplanes 

Carrier Refers to a heat sink used as a spreader to conduct heat from PCB 
to a secondary heat exchanger and gives support to the PCB card.  

Heat sink Heat dissipater. Commonly a metal conductor that absorbs heat 
from a PCB and dissipates it through a large area to a 
surrounding media. Often the large area is achieved by fins and 
the surrounding area is air.1,2 

Heat spreader  Heat distributor. Moves heat from a hot spot to a cooler area. Is 
defined by having high thermal conductivity. Often a copper 
plate. 3 

                                                 
1 TechTerms.com. Heat sink.http://www.techterms.com/definition/heatsink. Accessed 2009-05-15.  
2 Dictionary.com. Heat sink. http://dictionary.reference.com/browse/Heat%20sink. Accessed 2009-05-15.  
3 Wikipedia. Heat spreader. http://en.wikipedia.org/wiki/Heat_spreader. Accessed 2009-05-15.  



 x 

Heat target Cooling area.  

In-plane Refers to the direction of the strong bonding layers in the 
graphite structure 

Locking retainer Locking device to fasten the carrier and PCB between the slots in 
the box. 

Through thickness Orthogonal direction from the in-plane layers.  

Miscellaneous 
x,x Decimal comma is used instead of decimal point.  
 



 xi 

Table of Contents 
1 INTRODUCTION ............................................................................................................................ 1 

1.1 SAAB AVITRONICS .................................................................................................................... 1 
1.2 BACKGROUND AND PROBLEM DESCRIPTION ............................................................................ 1 
1.3 AIM AND PURPOSE .................................................................................................................... 3 
1.4 PROBLEM STATEMENT .............................................................................................................. 4 
1.5 DELIMITATIONS ......................................................................................................................... 4 
1.6 DEMANDS .................................................................................................................................. 4 

2 THEORY (AND PUBLISHED LITERATURE) .......................................................................... 7 
2.1 HEAT CONDUCTION IN ELECTRONICS ....................................................................................... 7 
2.2 FEATURES OF GRAPHITE ......................................................................................................... 11 
2.3 GRAPHITE HEAT SPREADERS .................................................................................................. 12 
2.4 MANUFACTURING OF GRAPHITE THERMAL PRODUCTS ......................................................... 14 
2.5 ENVIRONMENTAL CONSIDERATIONS ...................................................................................... 15 
2.6 PUBLISHED EXAMPLES ............................................................................................................ 17 

3 METHOD AND REALIZATION ................................................................................................ 21 
3.1 THEORY ................................................................................................................................... 21 
3.2 CONCEPT-GENERATION .......................................................................................................... 21 
3.3 THERMAL PERFORMANCE TESTS ............................................................................................ 22 
3.4 TESTS OF THE ANISOTROPIC IMPACT ...................................................................................... 27 
3.5 HUMIDITY TEST ...................................................................................................................... 29 
3.6 CONCEPT EVALUATION ........................................................................................................... 32 
3.7 DESIGN RECOMMENDATIONS .................................................................................................. 32 

4 CONCEPT IDEAS ......................................................................................................................... 35 
4.1 CONCEPTS ............................................................................................................................... 35 

5 TEST RESULTS ............................................................................................................................ 41 
5.1 THERMAL PERFORMANCE TESTS ............................................................................................ 41 
5.2 TESTS OF THE ANISOTROPIC IMPACT ...................................................................................... 48 
5.3 HUMIDITY TEST ...................................................................................................................... 53 

6 ANALYSIS ...................................................................................................................................... 55 
6.1 THERMAL PERFORMANCE TESTS ............................................................................................ 55 
6.2 TESTS OF THE ANISOTROPIC IMPACT ...................................................................................... 57 
6.3 HUMIDITY TEST ...................................................................................................................... 58 

7 CONCEPT EVALUATION .......................................................................................................... 59 
8 DESIGN RECOMMENDATIONS .............................................................................................. 61 

8.1 CHOICE OF GRAPHITE SPREADER ........................................................................................... 61 
8.2 THICKNESS AND WEIGHT ........................................................................................................ 62 
8.3 TWO CONFIGURATIONS ........................................................................................................... 62 
8.4 GENERAL CONSIDERATIONS ................................................................................................... 63 
8.5 DEMANDS ................................................................................................................................ 64 

9 DISCUSSION ................................................................................................................................. 65 
10 CONCLUSION ............................................................................................................................... 67 
11 FUTURE WORK ........................................................................................................................... 69 
12 REFERENCE ................................................................................................................................. 71 
 



 xii 

 
 



 

 1 

1 Introduction 
This report is the result of a Master thesis work on the subject of electronics cooling 
carried out for Saab Avitronics AB. The work has been carried out at Saab Avitronics 
in Järfälla, Stockholm with the opportunity to learn the company’s standards, 
methods and computer programs. This thesis has been performed as the final task in 
the Master’s programme Design and Product Realization at the Royal Institute of 
Technology in Stockholm. 
 
This chapter presents the company, background, aim and purpose and problem 
description of this thesis work.  

1.1 Saab Avitronics 
Saab Avitronics is a business unit of Saab AB. Saab is a high-tech company in the 
fields of defence and aeroplanes. Saab Avitronics works in the fields of Avionics and 
Electronic Warfare with Self-Protection Systems for military and civil platforms. The 
business unit is located in Sweden and South-Africa. 

1.2 Background and Problem Description 
Military aircrafts require continuous improvements in all systems, both for 
performance and in weight. Electronic systems in aircrafts have high demands 
concerning performance in vibration and damp environment.  
 
Graphite is an anisotropic material which means that the structure is not equal in all 
directions. In electronic cooling graphite in forms of sheets is used as a heat spreading 
material to improve the heat distribution. The thermal conductivity in graphite is high 
in two directions, as in the layers of the sheets, compared to other highly conductive 
materials such as copper and aluminium. In the third direction, through the thickness 
of the sheets, the graphite’s conductivity is very low compared to the other materials. 
[1] 
 
The electronic equipment dealt with in this thesis is printed circuit boards (PCB’s) 
with carriers mounted in boxes placed in the fuselage of an aeroplane. The purpose of 
the carriers is to support the PCB’s and cool their components by conducting the heat 
from the electric components to the heat targets, see Figure 1, that are mounted 
against the walls of the boxes. The walls consist of channels with forced air flow 
where the heat is exchange by convection. The carrier is fastened in the box’s slots by 
locking retainers, see Figure 2. Between the case of the components and the carrier 
gap fillers are placed today. Gap fillers are an interstitial material, used to take up the 
tolerance gap between the case of the components on the PCB and the carrier and 
improve the heat transfer compared to if air would be entrapped in the tolerance gap.  
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Back side 
 

                        Front side 

Figure 1 Original design of the HPC-carrier mounted on a PCB 
 

 
 

Figure 2 The principles of how the carriers are mounted in the box 
 
The carriers are today made of aluminium, coated with electroless nickel. This 
approach works well for circuit boards with relatively small heat dissipation. As PCB 
cards evolves, the heat dissipation increases and in the future the card will need to be 
cooled in a more efficient way both concerning performance and weight. Today, a 
carrier for a specific high power card (HPC) is close to its limits concerning weight, 
geometry boundaries and temperature demands. The temperature of this card carrier 
can be seen in Figure 3 and the total power dissipation is 81 W, which is very high 
compared to other cards of the same configuration type.  
 

PCB

Carrier 

Heat 
target

Area for 
locking 
retainer 

Locking 
retainer 

Carrier 
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Figure 3 Temperature of the back of the HPC card carrier 
 
Electronic components have a power loss that converts to heat. This heat dissipation 
can damage the component if the temperature rises above failure temperature. To 
eliminate this risk, the components need to be cooled. This is accomplished by 
conducting the power dissipation away from the component to a cooler area, since 
temperature always strives for equivalence. [2] 
 
Development of electronics leads to reduced component volume, but as a 
consequence the power density increases. Owing to this, the demands on electronic 
cooling increase and standard conduction methods are no longer adequate. New 
methods are needed and the field of electronics cooling has a great importance for 
aeroplanes and other mass transportation systems, where failure is not accepted. New 
cooling methods bring new difficulties and failure mechanisms, some that can be 
foreseen and some that cannot. Therefore, they should always be implemented with 
precaution. [3] 

1.3 Aim and Purpose 
The aim of this Master thesis was to investigate if graphite is an adequate material that 
can increase the heat distribution of the card carriers. The primary objective was to 
examine if graphite spreaders could be implemented with the HPC carrier. The 
purpose for this investigation was to lower the component temperatures and reduce 
weight. Graphite is an unproven material in Saab Avitronic’s products. To be able to 
consider graphite in future products, graphite needs to outperform other highly 
conductive materials such as copper regarding thermal performance and weight. 
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1.4 Problem Statement 
The primary objective of this thesis work was to investigate if graphite is an adequate 
material and to find if and how it could be implemented with the HPC carrier. If and 
how the HPC carrier could be redesigned with use of graphite sheets to improve the 
thermal conductivity of the carrier and reduce weight. Find and evaluate concept 
ideas. To investigate this, the problem was broken down to the following problem 
statements that needed to be answered to evaluate the main problem.   

 
1. How the graphite sheets perform compared to aluminium and copper. 
2. What impact the graphite’s anisotropic structure has on its overall ability to 

transport heat. How the low conductivity in the third direction affects the 
overall conductivity at different thicknesses and at different power density. 

3. If graphite sheets could sustain environmental demands, see chapter 1.6 
Demands. 

4. How to develop practical tests for point 2, 3 and 4. 
 
The investigation should result in design recommendations for implementing graphite 
in the carrier.  

1.5 Delimitations 
• Comparative simulations between original design and recommended design 

were based on Avitronic’s earlier simulations.  
• The heat exchange problem was investigated only as a conductivity problem. 
• Cost was not considered.  
• Demands considered only in comparison with the original design. Performed 

tests for humidity and for the other demands only draw conclusions from 
literature.  

• The PCB design of the HPC is locked. The design recommendations must 
therefore function together with the PCB design.  

• The theory will only be considered for applied thermodynamics for electronics 
cooling. Heat calculations will be performed by Finite Element Methods 
(FEM).  

• Only perform tests on GrafTech’s® eGraf® (Graphite manufacturer) product 
SPREADERSHIELD™. 

1.6 Demands 
The design needs to follow Institute of Electrical and Electronics Engineers (IEEE) 
1101.2 Standard for Mechanical Core Specifications for Conduction-Cooled 
Eurocards, specifying the mechanical interface and tolerances for the carrier. For 
electronic cooling, a consequence of the requirement is restriction of cooling methods.  
 
The carrier should be designed for a lifetime of 30 years with 5000 operation-hours 
flying and 8000 operation-hours on ground [4]. It should also be able to perform in 
temperatures from -40 °C to +70 [5] and to sustain storage temperatures from -55 °C 
to +85 [4]. 
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The demand for vibration is that the first mode of the carrier structure together with 
the PCB shall exceed 350 Hz. The graphite needs to withstand humidity test Defense 
Test Method Standard for Environmental Engineering Considerations and Laboratory 
Tests MIL-STD-810G [6], Method 507.5. [7]  
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2 Theory (and published literature) 
In this chapter theory about heat conduction, theoretical calculations, graphite, its 
features, commercial applications and information from earlier studies are presented 
together with examples from other applications in electronics cooling.  

2.1 Heat Conduction in Electronics  
Heat is a form of energy exchange that occurs between systems as a result of 
temperature difference. Heat always transfers from hotter to cooler areas since it 
strives for equilibrium. Heat will not transfer unless a temperature difference has been 
built up. This means that in a system each interface between different parts or 
materials will need to establish a heat difference before the heat will pass. [3] 
 
The temperature of electronics components depends on the heat flow path, since the 
heat needs a temperature difference to transfer. In every step of the path, from the 
surrounding environment to the core of the component, the temperature rises. Equ. (1) 
gives the component temperature as a result of the conduction path to the cooler 
ambient surrounding. [2] 

Ambientn

n

Component TTT +ΔΣ=  (1) 
Where ΔT is the temperature rise of every step of the heat conduction path and is 
given by Equ. (2). [2] 

A
QT
⋅
⋅

=Δ
λ

δ  (2) 

Where: 
A [m2] is the cross-section area 
Q [W] is the power dissipation 
ΔT [°C] is the temperature difference required to conduct the heat  
λ [W/mK] 4 is the conductivity of the material 
δ [m] is the length that the heat will be conducted through. 
 
This is a simplified formula based on a one-dimensional heat flow of homogenous 
materials with the same conductivity in all directions and in all temperature intervals, 
see Figure 4.  
 

                                                 
4 W/mK is the same as W/m°C since Kelvin and Celsius have the same temperature difference between 
each step in the scale.  
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Figure 4 Geometry for Equ. 1 

 
The derived formula is Fourier’s law stating the thermal conductivity, Equ. (3) [8]. 

x
TAkQ
∂
∂
⋅⋅−=  (3) 

Equ. (3) derive from Fourier’s heat equation Equ. (4) which describes heat transfer in 
three dimensions. [9] 

τ
ρυλυλυλ
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⋅
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⎝

⎛
∂
∂
⋅

∂
∂

+⎟
⎠
⎞

⎜
⎝
⎛

∂
∂
⋅

∂
∂ ⋅

pvzyx cq
zzyyxx

 (4) 

Fourier’s equation is a partial differential equation based on linearity between heat 
flow and temperature gradient [9]. In Fourier’s heat equation the three first terms 
describe the heat conduction difference between incoming and outgoing heat of a 
specific volume. The fourth term describes generated heat within the volume. On the 
right side of the equal-sign he energy stored during a specific time is shown. [10] [11] 
 
This description of Fourier’s law is applicable to homogeny and isotropic materials. 
Anisotropic materials have different conductivity in different directions and therefore 
the heat flux and the temperature gradient are no longer proportional. The thermal 
conductivity in anisotropic material is often referred to as dependent on three 
Cartesian axes that for every axe depends on a linear temperature gradient in three 
axes. Simplified the thermal conductivity is described by a matrix of nine conductivity 
coefficients, see Equ. (5). [12] 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
=

333231

232221

131211

λλλ
λλλ
λλλ

λij  (5) 

This theory will not describe the anisotropic conductivity further and the thesis 
evaluation work will use FEM (Finite Element Method) for thermal evaluations. FEM 
is a method for finding approximately solutions to differential equations. The basic of 
FEM analyses is the use of matrix.  
 
The thermal conduction depends on the material’s physical properties, the dimensions 
of the structure and the interface properties. The interstitial area between two 
materials will have an impact on the thermal contact. Two mating surfaces will never 
have full contact when looked upon in microscopically view. The actual contact area 
depends on the surfaces’ flatness, hardness, waviness and contact pressure. As a 
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result, most heat transfer occurs over the united tops of the surface. Increasing contact 
pressure increases the conductivity over the interface. [3] 
 
Thermal Interface Material (TIM), see Figure 5, is used as an interstitial material to 
reduce the impact of the thermal isolation that entrapped air brings about, since air has 
very low thermal conductivity. Air’s conductivity is 0,0257 W/mK at 20˚C [13].  

 
Figure 5 TIM is used to fill the microscopic gap between surfaces [14] 

 
The design features to consider for heat conduction in electronic equipment are: 
“ 

1. The material used to conduct heat. 
2. The geometry of the heat flow paths. 
3. Thermal interfaces where parts are joined together. 
4. Conduction of heat through the cooling fins themselves.” [2] 

Fourth point refers to heat convection to ambient air.  
 
To describe the conduction ability analogies are used between thermal resistance and 
electrical resistance, see Equ. (6). [9] 

QRT tot ⋅=Δ  (6) 
Where: 
R [K/W] is the thermal resistance 
 
The thermal resistance is calculated different for parallel and serial flows. For serial 
flow, see Figure 6, where R2 is the contact resistance. And where Rtot derive from 
Equ. (7) 

nn

n
tot A

R
⋅

∑=
λ
δ

 (7) 

For parallel flows see Figure 7 where Rtot derive from Equ. (8) [15]. 

n

n

tot RR
11

Σ=  (8) 



 10 

 

 
Figure 6 Serial heat flow 

 

 
Figure 7 Parallel heat flow 

 
In electronic cooling through conduction an interest is to estimate the temperature rise 
along a structure, such as the heat sink for a PCB card. This, to ensure that the 
components do not overheat. The simplified Equ. of Fourier’s law (2) can be used in 
estimations both for uniform distributed heat loads and from a centred component 
[2][3]. Assuming that the power dissipation divides equally in the heat sink, an 
approximation can be made that half of the power will go in each direction from the 
centre. Here a simplification must be done; the heat is assumed to have been 
distributed over the whole cross-section of the heat sink. This gives the heat transport 
to be half the length. This simplification can be done by assuming that the heat 
distributes evenly to both edges, seen in a two-dimensional perspective. Uniform heat 
loads, see Figure 8, give a parabolic temperature rise over the structure [3]. 

 
Figure 8 Uniform heat load gives a parabolic temperature rise 

 
For uniform heat distribution load the more specified equation of two dimensional 
conduction can also be used, Equ (9). [9] 

hb
LR

⋅⋅⋅
=

λ8
  (9) 

Where: 
b [m] is the width of the heat sink 
h [m] is the height of the heat sink 
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2.2 Features of Graphite 
Graphite is a specific structural form of carbon i.e. an allotrope of carbon. Its structure 
is anisotropic and therefore its mechanical features are not homogenous. This feature 
is a consequence of the way the atoms bond to each other, see Figure 9. Every atom 
bonds with four other atoms. Three atoms bond together and form a layer of 
hexagonal structures with strong chemical bonds and the fourth atom bonding is a 
weak van der Waals bonding that combines the hexagonal layer to an atom in another 
layer. The layers have a relatively large space between each other compared to the 
distance between the atoms in the hexagonal layer structure. [16] 
  

 
Figure 9 Graphite structure [17] 

 
The adequate definition of “graphite” is a material with a precise graphite structure 
without defections. However, the term graphite is often used for “graphite materials” 
such as “graphic carbons” being carbon with graphite structure but with a number of 
vacancies and dislocations in its structure. [16] 
 
The thermal properties of graphite depend on its anisotropic structure. The 
conductivity in the strong bonding layers (in-plane) direction is generally 398 W/mK 
and the orthogonal direction from the layers (through thickness) the conductivity is 
2.2 W/mK at a temperature at 25 ˚C. Graphite is also an electrical conductive material. 
[16] 
 
In aircraft electronics, two features are of great importance, reliable performance and 
weight. The mechanical properties also depend on the material’s anisotropic structure. 
Since the bonds between the layers are relatively weak, the material easily shears. 
Graphite has lower density and better thermal performance in one direction than both 
aluminium and copper, see Table 1. Natural graphite sheets are a product line from 
eGRAF® with sheets of different conductivity, in Table 1 the range of the products 
features are presented. Graphite has a theoretical density of 2,26 g/cm3 and a thermal 
conductivity of 398 W/mK at 25 ˚C [16], compared to aluminium (Alloy 1050 [has 
one of the best thermal performance of the aluminium alloys]) with a density of 2.7 
g/cm3 and a thermal conductivity of 229 W/mK [18]. Graphite’s density decreases 
with the amount of imperfections like porosity, lattice vacancies and dislocations [16]. 
Diamond has better thermal performance (1700 W/mK) [16] than graphite, but the 
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cost is much higher. The highest thermal performance in plane measured of graphite 
crystal is 4180 W/mK [16]. 

Table 1 Thermal properties comparison between commonly  
used materials for heat spreading 

 

Property 

Natural 
graphite sheet 

(eGraf)  

Theoretical 
properties 

of Graphite 
Aluminium 
Alloy 1050 

[18] 

Copper Alloy 
CW004 

[19] [16] [20] 

Density [g/cm3] 1.1 – 1.7 2.26 2.7 8.9 
Thermal 
Conductivity 
[W/mK] in-plane 
direction 140 – 500 398 @25˚C 229 395 @20˚C 
Thermal 
Conductivity 
[W/mK] through 
thickness direction 3 – 10 2.2 @25˚C 229 395 @20˚C 

Specific Heat 
Capacity [J/kgK] 846 

690 – 719  
@25˚C 921 385 @20˚C 

 
There are two types of graphite used for electronics cooling, natural graphite and 
paralytic graphite. Paralytic graphite is a type of graphite made with hydrocarbon gas 
in a process called chemical vapour deposition (CVD) [16]. 

2.3 Graphite Heat Spreaders 
There are different graphite spreader products available on the market for electronic 
cooling for example GrafTech®, Momentive and Panasonic®.  
 
The eGraf line offers among others the SPREADSHIELD™ and zSPREADER™ 
solution lines. According to Myllyluoma, J., Swedish manufacturer representative 
[21], these are made from natural graphite in a variety of grades of thermal 
conductivity and thickness, and are offered in custom die-cut or press-formed parts, 
optionally encapsulated with single or double sided aluminium or plastic laminate, 
with optional single or double sided adhesive coated surfaces, see Figure 10 Graphite 
with an adhesive coating will, provided good surfaces to adhere to, require no 
additional thermal interface material of the kind that normally is used to improve the 
heat conduction over gaps in the interface. The adhesive can be expected to retain its 
function for a considerable time after being applied. zSpreader utilises in addition to 
the above copper thermal vias through the material to improve the thermal 
conductivity in the z-direction of the graphite sheet. zSpreader is recommended if the 
component power dissipation is greater than 20 W, see Figure 11. [21]  
 
Lamination gives structural support to the graphite and keeps it from shearing by 
reducing the abrasion risk. With the plastic laminate the graphite can be bent with a 
certain minimum radius, depending on the material thickness. The plastic laminate is 
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a mere 12 µm thick, and therefore the thermal resistance of the plastic can in most 
cases be considered negligible. The standard plastic is a Mylar-equivalent polyester 
film, but other kinds of plastic can be made available on request. [21] 
 
eGrafs marketing information specifies that their graphite sheets have an operating 
temperature from -40 ˚C to +400 [22]. The plastic and adhesive coating has an 
operating temperature of -40 ˚C to +150 [22]. According to the products shelf life the 
adhesive can get cosmetic changes after one year because the protective paper can 
come off the adhesive [23]. Therefore, the sheets need to be examined if they are to be 
mounted after a period of storage longer than one year.  
 
The manufacturer has a typical span within which the conductivity is specified. This 
gives for the 400-material 360 W/mK, the 450-material 420 W/mK and the 500-
material 460 W/mK. The through thickness conductivity is for the 400-material 3,5 
W/mK, 450-material 3,2 W/mK and for the 500-material 2,9 W/mK. [24] 
 
Graphite sheets have an amount of flexibility. This makes the sheets adjustable to 
conform to different heights and can eliminate the use of TIM [15]. Graphite sheets 
can be laminated together to form higher and wider structures. The material presents a 
much lower strength than carbon-fibre polymers. But to enhance the structural 
performance it can be molded with a metal casing or perforated with metals. The 
perforating creates interlockings that strengthen the material. [25] 
 
The graphite spreader is often protected by a plastic layer of Polyethylene Terephalate 
to provide electrical insulation. Graphite spreaders can also come with Pressure 
Sensitive Adhesive (PSA). [26] 
 

 
Figure 10 eGraf Spreader encapsulated with 
aluminium [1] 
 

 
 
 

 
 
 
 

Figure 11 Graphite with a stud 
(Thermal via) 

 
Momentive’s thermal management material of graphite is called Thermal Pyrolytic 
Graphite (TPG®) and has according to marketing information a typical inplane-
conductance of 1350-1700 W/mK and up to 20 W/mK through thickness. The 
graphite sheets can be encapsulated in aluminium, copper and carbon fibres. [27] 
 
Panasonic graphite sheets are called Pyrolytic Graphite Sheet (PGS), see Figure 12. 
According to marketing information PGS sheets have a thermal conductance up to 
1700 W/mK in-plane for the thinnest sheets of 0,025 mm. [28] 
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Figure 12 Panasonic PGS Sheet [28] 

 
Taira, Y. et al.. (2008) have developed a TIM material based on graphite sheet 
technique. They took advantage of the graphite sheets good thermal conductance in 
two dimensions and placed them perpendicular to the hot spot surface and stuck them 
together with an adhesive, see Figure 13. [29] 
 

  
Figure 13 PGS graphite sheets used as interstitial material and slice of stacked 
graphite sheets [29] 

2.4 Manufacturing of Graphite Thermal Products 
Natural graphite heat spreaders are produced from graphite flakes. When graphite is 
extracted from the ore it contains silicate, which is removed to purify the material.  
The graphite sheets are produced by expanding the flakes and then pressing them 
together into forms of sheets. The flakes are expanded by a treatment of an oxidizing 
agent that cuts in between the graphite layers. Upon heating it forces the layers to 
separate and the flakes to expand. After being pressed together into sheets they 
become flexible. Another technique of producing graphite materials is compression 
moulding. The expanded graphite flakes are treated with epoxy and thereafter pressed 
into wanted shape. [25] 
 
Pyrolytic graphite sheets are as manufactured synthetically in a CVD reactor from 
hydroform gas. They are compatible with several encapsulation materials. [30] 
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2.5 Environmental Considerations 
Testing is needed to ensure that Graphite products will hold for the target 
environment. Xiong, Norley et al. has performed an accelerated life test consisting of 
a steady state temperature test, a thermal shock test and an elevated temperature 
humidity test. In the thermal shock test the temperatures cycled between -40 ˚C and 
85 ˚C. The specifications for each test can be seen in Appendix A. Before and after 
the test a thermal performance test was carried out. The graphite tested were eGRAF 
SPEADSHIELDs 425 W/mK (3,2 W/mK), 1,1 mm and an experimental graphite of 
1000 W/mK (5-6 W/mK), 0,3 mm. The graphite test sheets were also coated with 
PSA or plastic. The test shows no significant change in thermal resistance for the 
graphite sheets. [26] 
 
Graphite sheet from eGraf has passed vibration and shock tests performed in 
accordance with one of Saab’s company standard Environmental and Test 
Specification for Sub-units with sinus vibrations [31]. 
 
An electrochemical reaction is a galvanic corrosion attack on a metal from a 
surrounding medium. For the electrochemical reaction to occur must an electrolytic 
environment exist, which is salt water. A construction that is exposed to damp 
environment should preferably not consist of two metals with different 
electrochemical features, normal-electrode potential. Metals’ normal potential is 
gathered in an electro potential table. A precious metal has a low normal potential, 
cloze to zero or zero, and when a galvanic corrosion occurs the most unprecious metal 
is attacked. [32] 
 
According to construction recommendations normal potential should not exceed 0,15 
V between metals in contact when exposed to a damp environment [33]. Table 2 show 
the normal potential of some metals compared to Silver [34]. According to the normal 
potential graphite is corrosive with aluminium but, however, according to Pierson, 
1993 [16] graphite has a low corrosion reaction rate with aluminium.  
 

Table 2 Electro potential table 

Material 
Normal 
potential 

Graphite  0,05 
Silver  0,00 
Nickel -0,15 
Copper -0,20 

Aluminium 
Alloy -0,75 
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Thermal expansion of a material is the result of increased energy in the material 
which makes the atoms vibrate and change their interatomic spacings [16]. At low 
temperatures the amplitude of the vibrations is low, but when the temperature rises the 
amplitude increases and therefore also the material [16]. The thermal expansion of 
graphite is not linear [16]. In the thickness direction (orthogonal from the plane) the 
thermal expansion from 0 °C occurs slowly and gradually [16]. In-plane the material 
has the lowest interatomic spacing at 0 °C and expands when the temperature 
decreases or increases from there [16]. The thermal expansion of eGraf’s graphite 
sheets is -0.4 x 10-6m/mK in-plane, and through thickness 27.0 x 10-6 m/mK [22].  
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2.6 Published Examples 
Here follows some examples of graphite heat spreader used in electronic 
applications.  

2.6.1 Laptop Computers 
Smalc et al. (2005) used natural graphite sheets to distribute temperature within a 
laptop computer. The hard drive temperature, in the computer, made the palm rest on 
the computer chassis uncomfortable hot, se Figure 14. The hard drive was placed 
under the left palm rest in front of the keyboard. The palm rest temperature was 
measured to 16,2 ° C above ambient and the hard drive 27,8 ° C. [19] 
 

 

 

Figure 14 Laptop computer with problem with temperature distribution [19] 
 
To solve the problem with hot spot areas, Smalc et al. experimented with natural 
graphite spreader sheets. The sheets were designed to lie over the components and 
held in place by the case contact pressure. The components were of different heights 
and the sheets were deformed by the contact pressure of the case when reassembled. 
They experimented with spreaders of different thickness and heat conduction. The 
sheets tested were 0.27 mm 234 W/mK, 0.52 mm 275 W/mK, 0.26 mm 393 W/mK 
and 0.51 mm 369 W/mK. The higher the in-plane conductivity is the lower the 
through thickness conductivity. The best result for this application gave a 0.51 mm 
369 W/mK spreader, see Figure 15. This spreader gave a temperature reduction over 
the hard drive with 21 % to 21,9 °C. The palm rest reduced to a temperature of 10,5 
°C which was a decrease of 35 %. [19] 
 

 
Figure 15 Solution and test result [19] 
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Graphite coated with plastic has an additional path to overcome in the heat transport.  
Smalc et.al (2005) also compared Computational Fluid Dynamics (CFD) analyses of 
graphite with and without plastic coating. The analyses were based on contact 
resistance measured during prior tests. The analyses were carried out to determine the 
impact of the plastics thermal resistance, which is 1.57 cm2K/W [6400 W/m2K], and 
thereby investigate the thermal impact of the coating. They were not able to perform 
tests with electronic equipment since graphite is electronic conductive. [19] 
 
The analyses were carried out on two graphite spreaders from eGraf: a 0.52 mm 275 
W/mK spreader and a 0.51 mm 369 W/mK spreader. The tests were made to simulate 
a hard drive generating 16 W. The temperature decrease due to removal of the plastic 
coating was for the 275 W/mK spreader 2 % from 22.81 ˚C to 22.42 ˚C and for the 
275 W/mK spreader 0.1 % from 21.88 ˚C to 21.86 ˚C. Compared to the prior test with 
graphite where the graphite reduced the temperature over the hard drive with 5 °C the 
exclusion of the plastic layer could only reduce the hard drive temperature by an 
additional 8 %. Smalc et al. concluded that the plastic layer did not have a significant 
impact on the spreader effect for the tested application. [19] 
 
Other examples of graphite used in laptop computers can be seen in Figure 16 and 
Figure 17. Sony Vaio™ use graphite to conduct heat from hot spot areas in the 
computer. The graphite used is coated with plastic on both sides [35]. Panasonic® 
Toughbook Y2 uses graphite bent to meet the components heights. The graphite is 
secured in-place by pressure pads that give contact pressure between the graphite and 
the components. In this application the graphite is laminated with aluminium. [37] 

 
Figure 16 Sony Vaio™ X505 using GrafTech’s solutions [35] [36] 
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Figure 17 Panasonic Toughbook Y2 [37] 

2.6.2 Digital Camera 
Hasselblad has used a natural graphite spreader from GrafTech to cool a camera chip 
with 39 million pixels on their camera H3DII. The graphite is used to distribute the 
heat for hot spot reduction, for heat exchange and reduce heat radiation to adjacent 
electronics components. The application can be seen in Figure 18, where the graphite 
sheet can be seen as the black-grey film. [38] 
 
The graphite used in the H3DII camera is, according to Petterson T. [39], GrafTech 
SPREADER 450 W/mK with a thickness of 0,5 mm. They buy the graphite sheets cut 
in size, but they bend the graphite themselves. The bending part is formed during 
mounting. At the edge the graphite is positioned by a plate fastened with screws. They 
have not had any problems with corrosion or with electrical conductive particles from 
the graphite in their application. The graphite can not be reassembled and removed 
graphite can not be used again. [39] 
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Figure 18 Hasselblad’s graphite cooling for camera H3DII [38] 

 

2.6.3 Mobile Phone 
eGraf promotes examples of how a mobile phone has used their graphite product to 
even the heat in the cellular phone. The graphite cools the back of the display and 
gives shield for Electromagnetic Interference (EMI). EMI is an electromagnetic field 
that electronic components and cables emit. The graphite sheet is divided into two 
parts with plastic coating on one part and copper foil on the other, see Figure 19. [40] 

 

Figure 19 GrafTech example of use of graphite sheets in mobile phones [40]  
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3 Method and Realization 
This Master thesis was divided into four problem areas: to find information about 
graphite and other solutions based on graphite, finding graphite concept adequate for 
the carrier, meeting demands and finally creating design recommendations. This 
chapter will describe the methods used to carry out the thesis work.  

3.1 Theory 
The thesis work started with building up a knowledge-base regarding theory in the 
field. The information was gathered by literature, semi-structured interviews with 
focus-areas, see Appendix B, and informal talks and discussions. Interviews have 
been carried out with a manufacturer representative of graphite and with a company 
using graphite in an application. The manufacturer representative has reviewed the 
summarized information before published in this report.   
 
Reference literature has been found by search on Google, Google scholar, KTH 
library, IEEE Xplore and INSPEC. Search words have been on KTH Library: 
Graphite, electronic cooling. On the other search engine’s: graphite, pyrolytic 
graphite, conductivity graphite, graphite performance, graphite thermal, graphite heat 
spreader, pyrolytic PGS, pyrolytic sheet and PGS graphite.  
 
Most science articles found written about natural graphite heat spreaders are co-
written with Julian Norley. Norley works at GrafTech who has patents on natural 
flexible graphite and most of its applications [41]. 

3.2 Concept-Generation 
Finding graphite concept for redesign compatible with the carrier has been done by 
using the knowledge-base and by performing concept-generation discussions with 
persons experienced in the field of electronics cooling and mechanical design. The 
persons chosen for the discussions were colleagues, at the business section (where the 
thesis work were performed) with backgrounds from environmental engineers to 
mechanical engineers, thermal engineers from other sections and business units and a 
thermal application engineer, in all about ten persons. The discussions were 
performed both as official and informal meetings. Some of the concept ideas 
generated need practical tests to be evaluated. The concepts and their investigation 
needs are presented in Chapter 4 Concept Ideas. 
 
The concept has been modelled with Computer Aided Design (CAD) with the 
software UGS NX© 5.0.  
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3.3 Thermal Performance Tests 
The following thermal performance tests are design analysis to investigate if graphite 
is a material that can be used to improve the heat distribution of the HPC. The aim is 
to investigate problem statement one, to compare graphite to copper and is a result of 
problem statement four, how to develop practical test for this. 

3.3.1 Scope 
The temperature test is practical tests for design analyses divided into three subtests, 
Test A, B and C.  
 
Test A was performed in order to compare conductivity between graphite sheets, 
copper and aluminium. The test also aimed to investigate if graphite with PSA 
performs better mounted with constant pressure, a question that arose during concept-
generation. 
 
Test B was performed to investigate if mounting very thin graphite on the carrier 
could improve the overall conductivity. The test was also aimed to investigate if an 
improvement could be made by mounting the graphite sheet over both the back side 
and the top tracks (that mounts to the card slots) of the carrier, also a question that 
came about during concept-generation.  
 
Test C was to investigate the impact of bent graphite to evaluate concept ideas.  
 
The test has been developed with guidance from M. T. [7].  

3.3.2 Test Description and Environment 
In order to measure the thermal impact of the different materials and sheets tests was 
set-up to simulate the environment of the HPC and carrier. An aluminium carrier was 
mounted with a Power resistor (PR). This carrier module has been placed in an 
aluminium test-rig, see Figure 20, with a long thermal lag compared to the carrier. 
Temperature-sensors were mounted on the PR and at one edge of the carrier. To avoid 
the impact of convection in the test environment the test-rig was insulated.  
 

 
Figure 20 Test-rig of aluminium with assembled carrier 
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Test has also been performed to be able to evaluate the effect in thermal conductivity 
of bent graphite. Where a graphite sheet in the form of a rectangle is mounted with a 
PR in the middle and where the graphite is bent on one side.  
 
The ambient conditions in the room during the tests followed 25 °C ± 5. The 
temperature difference that occurred during the tests was considered to result from the 
Power dissipation of the PR.  
 
In Appendix C the specifications for the graphite materials tested have been specified. 
The carrier material was aluminium EN AW-6082 which has a thermal conductivity 
of 172 W/mK [42]. The copper plate used had a thermal conductivity of 395 W/mK. 
The thermal paste and gap filler material used had an approximate conductivity of 3,6 
W/mK [43]. The test equipment is presented in Appendix C. 

3.3.3 Procedure Test A 
1. The PR was mounted on the back of the test carrier prior cleaned with a 

degreaser. The PR used in this test was composed of two individual PRs 
paralleled coupled. The temperature sensors were placed both on the PR and 
on the edge. See Figure 21 for placement of PR and temperature sensors.  

2. The carrier was mounted in the slots of the test-rig with locking retainers, see 
Figure 22.  

 

 
3. The test materials were applied in accordance with 3.3.6. Mounting Procedure 

of Test Material. 
4. An Infra-Red (I-R) camera was positioned above the test-rig to obtain pictures 

of the temperature difference in the material. The temperature from the I-R 
camera was checked to be in accordance with the temperatures from the 
temperature log. Thereafter the temperature log was started.  

5. A one cm layer of plastic foam was placed on top of the test-rig to reduce the 
impact of convection in the test.  

6. The PR was connected to power.  
7. Test time was 15 min. Just prior to 15 min, the I-R camera was turned into 

recording mode and after 15 min the protective plastic foam was removed and 

Figure 21 Carrier with Power Resistor and 
Temperature Sensors 
 

Figure 22 Test Equipment;  
Computer to I-R camera, Test-rig, Temperature 
log with computer, Power generator 

Placing of temp. sensors 

Locking retainer 
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the power turned off. The I-R camera recorded during one minute before 
turned off. The aim was to take a picture at the carrier just when the foam was 
removed. Then the temperature log was turned off as well. The whole test 
session was 16 min.  

8. The test material was removed and the test-rig was reassembled with new 
material and the test was repeated.  

9. The graphite sheets were also tested with pressure applied over the foam 
plastic. 

10. The test was logged according to log list, see Appendix C. 

3.3.4 Procedure Test B 
The test procedure of test A was followed. Graphite sheet with an area that covered 
the top of the carrier and the top track that goes in the box slot, see Figure 23.  
 

 
Figure 23 Graphite sheet assembled for Test B where the graphite covers both the 

back and top track of the carrier 

3.3.5 Procedure Test C 
1. The graphite sheet was cut and bent as shown in Figure 24. During the 

bending process the graphite was bent to 90 ˚, and flexed thereafter back to a 
less sharp bend. The PR was placed in the centre of the sheet. Prior to 
assembling the PR the graphite’s top side and the mating side of the PR was 
cleaned with acetone. On the PR a thin layer, approximately 0,3 mm, of fluent 
gap fillers was placed. The PR was secured in place with two screws and nuts.  

 

Bending lines 
Power 
Resistor 

Cooling 
areas 

Graphite covering 
the top tracks 
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Figure 24 Schematic figure of the configuration for Test C 
 

2. The adhesive protecting paper was removed from the cooling areas. The 
graphite’s cooling areas were then placed on the test-rig and pressed to the 
surface. The application steps were made in accordance with eGraf’s 
installation guidelines [44]. Carton paper was placed underneath the graphite 
sheet to avoid cooling contact with the rest of the sheet. 

3. The temperature sensors were placed as seen in Figure 25.  
4. The I-R camera was placed in position and the temperature from the I-R 

camera was checked to be in accordance with the temperatures from the 
temperature log. Thereafter the temperature log and I-R camera recording was 
started.  

5. The PR was connected to power. The test ran for 4 minutes or was cancelled 
when the temperature at the PR rose near 100 ˚C. The evaluation was based on 
temperature rise at the edges, compared to each other, and how they follow the 
temperature rise of the PR. Therefore, the interest is at the first minutes of 
testing.  

6. The power was disconnected.  
 

 
Figure 25 Test set-up of Test C 

3.3.6 Mounting Procedure of Test Material 
Here the specific mounting procedures for the different materials are presented.  

3.3.6.1 Graphite  
Before the graphite sheet was applied the carrier was cleaned with acetone. The 
graphite sheet was cut in size to fit the top-side of the carrier. In Test C the graphite 
sheet was cut to fit both the top side and the top track that goes in to the card slot. The 
adhesive protecting paper was then removed and the graphite was applied to the 
carrier. The sheet was pressed to the surface of the card module to get good contact 
between the adhesive and the surface and to ensure that no air was entrapped. The 
application steps were made in accordance with eGraf’s installation guidelines [44].  
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For Test set-up C the graphite was bent as shown in Figure 24. 

3.3.6.2 Copper 
First the carrier and the copper plate were cleaned with a degreaser. Thereafter a thin 
and even layer, 0,15 mm ± 0,005, of thermal paste was applied. Then the copper plate 
was placed over the thermal paste and fastened with screws and washers to the carrier. 
This was done with a torque of 0,6 Nm.  

3.3.6.3 Aluminium 
The aluminium was cleaned with a degreaser. 

3.3.7 Criteria for Evaluating Data 
The evaluation of Test A and B has been based on the temperature difference between 
the PR and the edge and the difference between the start and end temperature for the 
PR. The variables in the test are the thermal overall conductivity; therefore the 
temperature will be affected. In accordance with the simplified equation of Fourier’s 
law Equ. (2), the temperature difference will decrease if the conductivity increases.  
 
In a cooling application, the temperature of interest is the temperature rise of the 
components. In these tests the components are simulated by the PR giving power 
dissipation and therefore the increase of temperature has been evaluated.  
 
Test C has been evaluated based on temperature difference between bent side and flat 
side.  
 
The measured voltage and electric current changed slightly between tests, due to the 
power generator, and, therefore, the test results have been corrected according to Equ. 
(10).  

measured

nom
measurednew P

P
TT ⋅Δ=Δ  (10) 

Where: 
ΔTnew is the power corrected temperature difference.  
ΔTmeasured is the measured temperature difference.  
Pnom is the nominal power which is 52,6 W.  
Pmeasured is the measured power.  
 
The tests were also documented and evaluated through I-R pictures. After 15 min of 
testing a picture was taken of the set-up. The primary purpose was to compare the 
heat distribution in the materials and the secondary to substantiate the result of the 
temperature measurements. 
 
To validate the results, informal discussions were conducted with the Swedish 
manufacturer representative. The discussions were only based on relative results, no 
data was exchanged. The information from the representative and his point of view 
has been reviewed before published.  
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3.4 Tests of the Anisotropic Impact 
The following computer simulation tests are design analyses aiming to investigate 
problem statement two, to investigate the impact of the graphite’s anisotropic features 
but also statement one to compare graphite to aluminium and are a result of problem 
statement four, how to test this.  

3.4.1 Scope 
The Tests of the anisotropic impact are practical tests for design analyses and were 
divided into three subtests, Test D, E and F.  
 
Test D and E are performed in order to investigate how much impact the anisotropic 
features of graphite have on the overall ability to transport heat compared to if the 
graphite had been an isotropic material. Test D investigates the impact at a low power 
density where the heat load is uniform over the surface and Test E for a high power 
density.  
 
Test F aims to investigate the conductivity impact of the contact resistance caused by 
plastic and adhesive coating on the graphite sheets. Compare the overall ability to 
conduct heat of the coated graphite with a corresponding thickness of only aluminium.  
 
The program ANSYS® has been used and it is a simulation software program using 
FEM. The reason why different thicknesses are compared is because the anisotropic 
features might affect the overall conductivity differently for different thicknesses. The 
material properties are presented in Appendix E. 

3.4.1.1 Description Test D 
Simulation has been conducted for different graphite sheets to compare the 
performance of different thicknesses. These have then also been compared to the same 
dimensions in aluminium. The graphite sheets have been placed on a carrier with the 
same interface at edges as the HPC, see Figure 26. The carrier thickness under the 
graphite sheet is only 0,1 mm thick. It is on this area the heat flux, corresponding to 
the total power of the HPCs component, has been placed in the test, see Figure 27.  
 
The base dimension of the graphite has been the same as the sheet size used in the 
temperature test, 211,75 x 117,58 mm. The thicknesses tested have been 0.2; 0.7; 1.2; 
1.7; 2.2; 2.7; 3.2 and 3.7.  

Figure 26 Carrier with graphite sheet 
 

Figure 27 Test set-up uniform heat load 
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In the simulations the in-plane conductivity for the graphite sheets was set to the 
minimum specified conductivity from the manufacturer. Because the manufacturer 
has a typical span within which the conductivity is specified. This gives for the 400-
material 360 W/mK, the 450-material 420 W/mK and the 500-material 460 W/mK.  

3.4.1.2 Description Test E 
These simulations were performed in the same way as Test D, but the heat load has 
been set to a small volume, with an area of 1 cm2 meeting the carrier, see Figure 28. 
The internal heat load for this volume corresponds to the total power of the HPCs 
component.  

 
Figure 28 Test set-up collected heat load 

 
This test also includes a comparative simulation of the same carrier, but with fins on 
the back side to give contact with the graphite sheets from the sides in an investigation 
to see if this would improve the performance and lower the heat rise. Thickness of 
graphite and fins where 2.9 mm in the simulation.  

3.4.1.3 Description Test F 
These simulations have been conducted in the same way as simulations in Test D. 
Here the contact resistance that emerge between the graphite sheet and the aluminium 
carrier was considered.  

3.4.2 Criteria for Evaluating Data 
Evaluation from the tests has been done on the maximal temperature in the 
simulation. The temperature difference is the difference between the maximum 
temperature and the boundary condition, the temperature set at the edge, see Figure 
28. 
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3.5 Humidity Test 
The following humidity test is a design analysis to investigate if graphite sheet can 
sustain the humidity demands. The aim is to investigate problem statement three, if the 
graphite can sustain environmental demands and is a result of problem statement 
four, develop practical test.   

3.5.1 Scope 
This test was a practical test, carried out in order to determine if graphite absorb water 
in a humid environment. The aim was to see if any change in the graphite can be 
detected. The test results can be an indicator if graphite could withstand the 
standardized test. The graphite sheets that have been tested are eGRAFs graphite 
sheets coated with 21 µm Parylene. The test method was developed with guidance 
from M. R. [45]. 
 
Parylene is a coating that is resistant to humidity, vapour, liquids, salt spray, dust and 
fungus [46]. Parylene has high electric strength, abrasion resistance and when applied 
forms a thin even layer on the whole structure [46]. Avitronics printed circuits boards 
are today coated with Parylene approved as an airborne material [7].  
 

3.5.1.1 Test Description and Environment 
To obtain the humidity climate the graphite has been tested in jars, with lids, filled 
with distilled water in the bottom. The jars were placed in a chamber that was heated 
to 70 °C ± 5. The relative humidity was considered to be over 90 % during the test 
since the air gets saturated when equilibrium occurs with time.  
 
Ambient conditions 
The following room ambient conditions were valid during the test.  
Room temperature: 25 °C ± 5  
Relative humidity: Uncontrolled room ambient 
Atmospheric pressure: Site pressure, Avitronics Analysis Laboratory. 
 
Tested graphite is presented in Appendix D together with the Equipment. Four 
graphite samples were tested. Two with plastic on both sides, where one also had 
adhesive on one side and two pieces of the same type but with an additional Parylene 
coating that also covered the sides.  

3.5.1.2 Test Procedure 
1. Three measure points were marked on each graphite piece with a pen and three 

small areas were circled (one on each side and one in a corner), see Figure 29. 
2. The graphite sheets were visually examined, and pictures were taken for 

comparison afterwards. 
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Figure 29 The graphite pieces were examined before and after the test. Here the 

marking points for examination are shown 
 
3. The thickness of each sheet was measured over the marked points and pictures 

were taken with microscope within the marked area and on the marked edge. 
4. String wire was bent to hold the graphite samples and thereafter the samples were 

fastened. The string wire was fastened in the lid of the jar, so that the samples 
hanged underneath.  

5. Distilled water was poured in the bottom of the jars. Approximately two decilitres 
in each. After that the lids with the hanging graphite samples were put on. The 
samples hanged over the water.  

6. A temperature sensor was lowered into one of the jars through a hole in the lid. 
Thereafter the jars were placed in the chamber, see Figure 30. 

7. The chamber temperature was turned on to 70 ˚C. The temperature was regulated 
and checked.  

8. The test ran first for 9 days and thereafter the graphite samples were taken out and 
measured, weighed and evaluated by taking new microscopic pictures. Thereafter 
the samples were placed back in the jar and tested for an additional 20 days. 
Finally the measurement, weighing and picture taking were redone. During the 
last 20 days the chamber was opened once for refilling of the water.  

9. The test was logged according to log list, see Appendix D. 
 

 
Figure 30 Test samples placed in the chamber 

Graphite test 
samples 

Temperature 
sensor 

Chamber 
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3.5.2 Criteria for Evaluating Data 
This test aimed to see if the graphite is affected by humidity. Any visual, weight and 
thickness changes were taken under consideration.  



 32 

3.6 Concept Evaluation 
The concept was evaluated together with the company supervisor based on the test 
results from the simulations. Thereafter a second evaluation was made based on the 
following criteria:  
 

• Weight: 
Weight reduction compared to the original design 

• Manufacturing: 
How complicated the concept is to manufacture  

• Adaptable: 
If the design could be used on other carriers and how easy this implementation 
would be 

• Interface: 
How many interfaces between the graphite and the carrier the solution creates. 
Less give higher score 

• Redesign: 
If the concept could be implemented on the original design without redesigns. 

• Mounting ability: 
• Environmental sustainability 

Ability to sustain the specified demands partly based on the humidity test. 
• Thermal performance: 

Thermal performance based on tests and simulations 
• Avoid TIM: 

If TIM is needed in the solution, and in what extent 
 
The concept was evaluated in a decision matrix, where the criteria where rated on a 
scale from 1 to 5 based on importance. Then the concept was given a score from 1-5 
based on estimated ability to fulfil the criteria. The concepts were compared based on 
an over all score derived from the sum of the concepts score multiplied for each 
concept by the rated criteria value. This is a subjective evaluation method, designed 
give a cue about the best concept to develop further. The method can not be used as 
an answer to which concept is the best, but gives an indication.  

3.7 Design Recommendations 
Design recommendations have been developed as a conclusion of previous 
information from theory and analysis. The concept chosen during the evaluation has 
been optimized.  
 
A simulation was built on the original design of the carrier. The boundary conditions 
have been derived from prior simulations by the company and the thermal resistances 
and power consumptions from the component specifications of the HPC. The redesign 
was compared to the original design by four criteria; temperature, weight, thickness 
and first modal frequency. The temperature was measured in the simulation on the 
areas of the back of three components and the assembly’s maximal temperature, see 
Figure 31. 
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Figure 31 The prob annotations show the measured component areas 

 
The original concept and the design recommendation were also compared by modal 
analysis.  
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4 Concept Ideas 
In this chapter the ideas from the concept generation are presented. The pros and 
cons of the ideas has also been summarized.  

4.1 Concepts  
The concept has been designed to primarily spread the heat by reducing the 
temperature difference and hotspots through the main body and secondly to improve 
the thermal transfer to the cooling areas. By only even out the temperature difference 
and hot spots over the main body, temperature will increase on components that are 
not generating as much heat as the warmest components. However, if every 
components temperature is under its recommended maximal temperature, then that is 
still better than having some components fully strained. The life span of the 
components will decrease with higher temperatures.  

4.1.1 Concept One 
Concept one takes advantage of the graphite sheets flexibility and is thus bent to 
adjust to the different heights of the components. The graphite is here pressed against 
the components by pressure pads placed between the graphite and the carrier to fill the 
possible tolerance gap. If the tolerance is narrow, the graphite could be mounted 
directly against the carrier like in Smalc et al. (2005) laptop application, see chapter 
2.6.1 Laptop Computers. This solution eliminates the use of TIM material since the 
graphite is flexible. This idea could be realized in many different ways. One example 
is to use the flexible graphite over the hottest components. An example of how the 
graphite could be placed is seen in Figure 32. The idea of this concept was generated 
together with Jussi Myllyluoma [21]. 
 

 
Figure 32. Concept one 

Pros: 
• Eliminates the use of TIM. 

Cons: 
• A unique design is needed for use 

in other carriers. 
• If pressure pads are used the heat 

flows only through the sheet’s 
edges. 

• Difficulties applying the graphite 
to mate with the carrier. More 
interfaces are created. 
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4.1.2 Concept Two 
In concept two, see Figure 33, a graphite sheet is applied to the back of the carrier by 
adhesive but extend over the locking retainers to get direct contact with the box walls. 
Since the sheets are flexible the graphite can adjust when the retainer is expanded to 
fasten the carrier in the box. A variation of this concept is to bend the graphite and 
mount it under the locking-retainers. This concept idea was generated together with 
Jussi Myllyluoma [21] and A.S. [47]. 

 

4.1.3 Concept Three 
Concept three, see Figure 34, is a solution were the graphite is placed on the back side 
of the carrier with adhesive. The idea for this concept was generated together with J. 
J. [48]. 

 

 
Figure 33 Concept two 

 

Pros: 
• Improved thermal contact with 

the box since the cooling over 
the locking retainers is enhanced. 

• No large redesigns are necessary. 
Cons: 

• The graphite must sustain 
abrasion when mounted; flakes 
from the graphite can short the 
electrical circuits. 

• If the graphite compress after 
mounted the carrier may get 
loose. 

• Gap fillers are still needed. 
 

 
Figure 34 Concept three 

 

Pros: 
• Easy to apply to other carriers. 
• No large redesigns are necessary. 

Cons: 
• Gap fillers are still needed. 
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4.1.4 Concept Four 
Concept four is based on concept three but uses studs to improve the conductivity 
through thickness of the graphite. The idea of this concept was generated together 
with J. J. [48]. 
 
Pros: 

• The overall conductivity may improve. 
Cons: 

• An new interface is created between the studs and the carrier.  

4.1.5 Concept Five 
Concept five is also based on concept three. Here the graphite’s conductivity through 
thickness is improved by using fins. The fins could be either parallel fins or round 
cylindrical fins, see Figure 35 and Figure 36. The cylindrical fins are easier to mount 
with the graphite than the parallel fins because the position tolerance for holes is 
better [49]. The idea for this concept was generated together with C. F. [50] and T. W. 
[49]. 
 

 

 
Figure 35 Concept five with parallel fins 

 

 
 
 
 
 
 
 

Pros: 
• Improved overall conductivity 
• When the carrier gets hot the 

thermal expansion makes the 
interface better.  

Cons: 
• Hard to assemble the graphite 

sheets correctly against the 
carrier.  

• Tolerance problems, the 
graphite may not lie in contact 
with the fins.  

• Hard to encapsulate the 
graphite. 

 
 
 
 

  
Figure 36 Concept five with round cylindrical 

fins 
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4.1.6 Concept Six 
In concept six the carrier works as a structural shell that gives the needed support for 
vibrations to the PCB and gives the interface for mounting in the box. The shell is 
filled with graphite sheets together with graphite interface material that meeting the 
heights of the components, see Figure 37. 

4.1.7 Concept Seven 
In concept seven the graphite works as a core for the aluminium carrier. The graphite 
is encapsulated by a two part carrier, which gives a pressure over the graphite, see 
Figure 38 and Figure 39. 

Figure 38 Concept seven  
 

Pros: 
• Pressure is applied to the 

graphite. 
• When the carrier gets hot the 

thermal expansion makes the 
interface better.  

Cons: 
• Hard to assemble the graphite 

sheets correctly against the 
carrier.  

• Tolerance problems, the graphite 
may not lie in contact with the 
fins.  

• Hard to get good pressure over 
the hole surface. 

 
Figure 39 Cross-section of Concept seven 

 
 

 
Figure 37 Concept six 

 

Pros: 
• When the carrier gets hot the 

thermal expansion makes the 
interface better.  

Cons: 
• Hard to assemble the graphite 

sheets correctly against the 
carrier.  

• Tolerance problems, the graphite 
may not lie in contact with the 
fins.  

• Hard to encapsulate the graphite. 
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4.1.8 Concept Eight 
Concept eight focus primary to distribute the heat evenly over the hottest components. 
This could even out hot spots on the components and spread the heat to make a larger 
area to absorb the heat to the carrier.  

4.1.9 Concepts Investigation Needs 
When generating the concepts new questions arose that needed to be investigated to 
be able to evaluate the concepts. The investigation needs were: 
 

• Which thickness shall be used, and which conductivity is needed.  
• If graphite with adhesive perform better with pressure.  
• The impact on conductivity of bent graphite.  

 
These investigation needs were considered when generating the practical tests and 
computer simulations.  
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5 Test Results  
This chapter presents the results from the analyses made. Description and procedure 
of the tests have been presented in the method chapter.  

5.1 Thermal Performance Tests 
Here the results from the thermal performance tests are presented. 

5.1.1 Result Test A 
The copper plate enhanced the heat transfer, in this application, compared to the first 
set-up with just the aluminium heat sink. The temperature difference between PR and 
Edge decreased with 5,7 ˚C and the heat rise was reduced by 5,8 ˚C, see Figure 40. 
Pressure level one refers to a pressure of 0.5 kPa and level two 1.6 kPa. The I-R 
images taken after 15 min show that the copper plate lowers the hot spot temperature 
and the temperature spreading, see Figure 41, Figure 42 and Figure 43.  
 
The best of the graphite sheets were the 500-material that at its best test showed 1,1 
˚C improvement compared to copper and 6,8 ˚C compared to the aluminium carrier 
alone based on the temperature difference. For the heat rise the 500-material showed 
an improvement of 9,1 ˚C compared to the aluminium set-up and 3,3 ˚C compared to 
the copper set-up. The I-R picture of the 500-materials looks similar to the picture of 
the copper, see Figure 43 and Figure 46. An improvement is also seen compared to 
the best pictures of the 400-and 500-material, see Figure 44 and Figure 45. Both based 
on heat rise and temperature difference the 500-material gave less temperature 
reduction with pressure applied except for one of three test data of the heat rise. 
 
The result of the graphite 400- and 450-material gave an improvement compared to 
the first set-up, 3,3 ˚C for the 400-material without pressure and 4,9 ˚C with pressure 
based on temperature difference. 450-material gave without pressure 4,6 ˚C and with 
4,9 ˚C. Based on heat rise the 400-material gave a improvement of 8,6 ˚C and with 
pressure 6,0 ˚C. 450-material gave 6 ˚C improvement and with pressure 6,5 ˚C. For 
the heat rise the aluminium was considered as a mean value.  
 
By comparing the graphite tests without applied pressure to copper the 400-material 
based on temperature difference gave a deterioration of 2,4 ˚C, the 450-material gave 
a deterioration of 1,1 ˚C and the 500-material gave an improvement of 1,1 ˚C. In the 
same comparison but evaluated based on heat rise the 400-material gave an 
improvement of 2,6 ˚C and 450 gave the same value and 500 gave 3,6 ˚C. In the same 
comparison but with pressure the 400- and 450-material still gave deterioration 
concerning temperature difference, the 450-material gave an improvement of 0,5 ˚C 
with maximum pressure applied.  
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Temperature Difference and Heat Rise 
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Figure 40 Temperature difference and heat rise for the test set-ups 
 
The temperatures measured by the I-R camera show lower temperatures than 
measured on the PR after 15 minutes. When the test starts the I-R camera and the 
temperature log show the same temperatures.  
 
Measures of the same configurations show compatible values. The largest differences 
between measures of the same configuration are between the first test with the 500-
materials and the two later on (without pressure applied), here the biggest difference 
is 1,6 ˚C for the temperature difference and 0,6 ˚C for the heat rise.. For all test data, 
see Appendix C. 
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Figure 41 Temp. sensor placing and temperature scale 

 

 
Figure 42 Aluminium Test set-up two 
 

 
Figure 43 Copper 
 

 
Figure 44 Graphite 400 material. Test 
with pressure of 0,5 kPa 
 

 
Figure 45 Graphite 450-material. Test 
with pressure of 1,6 kPa 
 

 
Figure 46 Graphite 500-material Test set-up two 
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5.1.2 Results Test B 
From the test with the graphite the mean value was 28,3 ˚C for the temperature 
difference. This was an improvement of 3,3 ˚C compared to the mean value of 
exclusively the aluminium carrier that gave a mean temperature difference of 31,6 ˚C. 
Comparing without temperature difference the graphite gave a reduction of 3,1 ˚C and 
based on heat rise. Comparing the heat rise the graphite gave an improvement of 2,6 
˚C by comparing mean values, graphite had 42 ˚C and only the carrier 44,6 ˚C. There 
was an improvement of as best 0,3 ˚C when using pressure. The test results of test B 
can be seen in Figure 47.  
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Figure 47 Test Results Test B 
 
In Figure 47 number one stands for the first test with graphite, 2_T and 3_T is the 
same test but with applied pressure. ALU_1 and ALU_2 stands for test with the 
aluminium carrier alone, with no extra test material. 

5.1.3 Results Test C 
When the PR is heated, in test one, the heat spreads out to the edges of the graphite 
sheet. The temperatures on the edges follow each other as the temperature increases. 
After one minute the temperatures differ between the edges with 1 ˚C, the bent side 
has a higher temperature. At the end of the test time the difference is 2,2 ˚C, see 
Figure 48. From the I-R pictures no specific difference can be seen, see Figure 49 and 
Figure 50.  
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Test C Side Temperatures
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Figure 48 Test Number one 
 

Figure 49 Test number one, picture session 1100. 
 

 
Figure 50 Test number one, picture session 1924 
 

Test number four distinguishes from the three first tests. Something changes the 
thermal performance of the graphite sheet. The edge temperatures on the flat side was 
30,9 ˚C and the bent side was 32,8 ˚C in the first test and corresponding 10,3 ˚C and 
6,7 ˚C in the fourth test. The difference between Test 1 and Test 4 are shown in Figure 
51, Figure 52, Figure 53 and Figure 54. The plastic coating and the adhesive coating 
change visually and the coatings came off the graphite, see Figure 55 and Figure 56. 
The temperature logged and the measured temperature by the I-R camera did not 
correlate for the temperature by the PR, it had better consistency of the edge 
temperatures. All tests runs in are presented in Appendix C. 

∆T=0,2˚C 

∆T=1,0˚

∆T=2.2˚C 
∆T=1,9˚C
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Test C: Test Number 1
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Figure 51 Temperatures for Test one 
 

 
Figure 52 Test one I-R camera, picture session 1100 

 

Test C: Test Number 4
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Figure 53 Temperatures for Test four 
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Figure 54 Test 4, I-R camera, picture session 1100 

 

 
Figure 55 The Graphite Adhesive coating changed in structure during the tests 

 

 
Figure 56 The Graphite plastic coating changed in structure during the tests 
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5.2 Tests of the Anisotropic Impact  
Here the results from the simulations carried out to investigate the impact of the 
anisotropic features of graphite are presented.  

5.2.1 Result Test D 
In the simulation comparison between the graphite sheets and aluminium at different 
thicknesses at a uniform heat load, all graphite sheets perform better. Of the graphite 
material the 500-material performs best, then the 450-material and last the 400-
material, see Figure 57. The largest temperature difference is at the thickest sheet, for 
the 500-material at 3,7 mm the difference is 1,5 °C, 450-material 1,4 °C and 400-
material 1,3 °C, see Figure 58, Figure 59 and Figure 60.  
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Figure 57 Comparison of the graphite sheets with aluminium at different thicknesses 
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Figure 58 Anisotropic vs. Isotropic 400-material 
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450-material Anisotropic/Isotropic
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Figure 59 Anisotropic vs. Isotropic 450-material 
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Figure 60 Anisotropic vs. Isotropic 500-material 
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5.2.2 Result Test E  
The result from the point load shows that graphite sheets perform worse than 
aluminium when cooling hot-spot areas at thicknesses above 2,2 mm for the 400-
material, above 2,7 mm for the 450-material and above 3,2 mm for the 500-material, 
see Figure 61. The largest temperature difference is at the thickest sheet, for the 500-
material at 3,7 mm the difference is 36,2 °C, 450-material 35,9 °C and 400-material 
38,2 °C, see Figure 62, Figure 63 and Figure 64.  
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Figure 61 Comparison heat rise for different thicknesses at heat from small area. 

 
The anisotropic features give greater heat rise with heat from small volume then if it 
would have had isotropic features, see Figure 62, Figure 63 and Figure 64.  
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Figure 62 Anisotropic vs. Isotropic 400-material 
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Figure 63 Anisotropic vs. Isotropic 450-material 
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Figure 64 Anisotropic vs. Isotropic 500-material 

 
In the simulation to see if fins on the back side would improve the heat distribution, a 
model corresponding to concept three was used. The model performed better than the 
model without. Max temperature without fins for the same thickness was 150,3 ˚C and 
139,4 ˚C with fins.  

5.2.3 Result Test F 
In the comparison between the graphite sheets simulated with contact resistance the 
graphite distribute the heat worse than without. The distribution becomes more alike 
the aluminium with increased thickness. Above 1,2 mm for the 400-material and 
above 2,7 mm for the 450- and 500-material the aluminium performs better, see 
Figure 65. In the figure IR stands for interface resistance. Figure 65 also shows that 
the gain in dimension of using graphite is decreased with the thickness.  
 

∆T=0,8 ˚C

∆T=36,2 ˚C

∆T=0,7 ˚C

∆T=35,9 ˚C
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Comparison with Contact Resistance

0

50

100

150

200

250

300

350

0,2 0,7 1,2 1,7 2,2 2,7 3,2 3,7

Thickness [mm]

Te
m

pe
ra

tu
re Aluminium

500 with IR
450 with IR
400 with IR

  
Figure 65 Same comparisons as figure 49 but with contact resistance between heat 
sink and graphite sheet 
 
A closer comparison between the graphite 500-material and aluminium is shown in 
Figure 66. 
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Figure 66 Closer comparison for the 500-material with aluminium 
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5.3 Humidity Test 
Here the result from the test to investigate how graphite is affected by humidity is 
presented.  

5.3.1 Result  
The graphite sample with one side of adhesive increased in thickness with 10 μm (1,2 
%) over the whole surface and gained 0,140 g (7,1 %) in weight. On this sample the 
visual examination after 9 days showed damp on inside of plastic. The mean value for 
thickness deviation for the whole surface was for the graphite with sample with plastic 
on both sides 3 μm and for the Parylene coated graphite it was 5 μm and 7 μm.  
 
Weight measurements gave an increase of 0,140 g (7,1 %) for the graphite with 
adhesive and 0,056 g (3,4 %) for the graphite with plastic on both sides. The Parylene 
coated graphite gave an increase of 0,026 g (1,4 %) and 0,011 g (0,5 %) for the same 
samples. On the Parylene coated graphite samples no deviation could be seen during 
the visual examination. See Appendix D for all test data.  
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6 Analysis 
In this chapter the result is analysed, discussed and compared to theory.  

6.1 Thermal Performance Tests 
Here the analyses of the temperature test are presented. 

6.1.1 Test A 
The use of graphite sheet or copper improve the transfer of heat from the hot spot in 
this test. The only graphite sheet that in all tests gave a better result than copper was 
the graphite with 500 W/mK.  
 
The temperatures measured in test A gave as most a temperature difference of 1,3 ˚C 
at the same test configuration. Temperature differences in this span could be seen to 
be within the margin of error. The I-R pictures show the temperature difference in the 
tests. Since the graphite material has a low conductivity through the thickness the I-R 
pictures may also indicate the isolation. The temperature measurements show, 
however, the same increase in temperature spreading.  
 
The result of the impact of pressure is not explicit. As shown in Figure 40 applied 
pressure increase or decrease the result depending on evaluation methods reviewed. 
When using graphite with adhesive, the need for pressure may not be as important as 
with graphite without adhesive. An explanation could be that the pressure sensitive 
adhesive activates when applied with pressure and when hardened it stays in position. 
Therefore the graphite sheets with adhesive may only need pressure during mounting 
instead of all the time as other materials do.  
 
The result of the test can not be compared to aluminium material. The test set-ups 
with graphite and copper were placed on the aluminium heat sink. Therefore those 
tests have more mass to transfer the heat than the test with just aluminium.  
 
Smalc, et al. tests gave a similar result where the graphite sheet with the highest in-
plane conductivity performed better than the sheet with the best through thickness 
conductivity. [19] 
 
To conduct the heat through the interstitial volume between the PR and the heat sink a 
temperature difference is required. This temperature difference depends on the 
conductivity of the gap filler material. The gap filler material used, had a conductivity 
of 3,6 W/mK. Equ. (2) which gives the following temperature rise: 

C
A

QT °=
⋅⋅

⋅
=

⋅
⋅

=Δ 6,6
)015,0022,0(6,3

00015,052
λ

δ   

Where A is the area of the PRs and δ is the thickness of the applied interstitial 
material.  
 
The temperature difference required to conduct the heat between the region over the 
PR and the edge of the carrier can be calculated by Equ. (2).  
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Where A and δ constitute the volume of half the carrier.  
∆T (total)=∆T (interface)+∆T (heat sink)=6,6 + 22,7 = 29,3 ˚C 
The aluminium heat sink hade a temperature difference of 31,6 ˚C. By this the 
conclusion is drawn that the test set-up is in accordance with what is aimed to be 
measured.  
 
The copper plate on the aluminium is estimated as a parallel flow. Equ. (8) and Equ. 
(6) gives: 
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∆T (total)=∆T (interface)+∆T (heat sink)=6.6+17,2=23,8 ˚C 
The result from the analysis measurement gave 25,9 ˚C 

1.1.1 Test B 
The use of a very thin graphite sheet gave a sufficient improvement in this test. The 
effect of using graphite not just on the back of the carrier but also on the top track can 
not be concluded. Compared to the result of Test A the use of a thin graphite sheet 
extended over the top tracks could not compete with the use of a thicker sheet on just 
the top except for the 400– material. Here the temperature difference based on the 
temperature difference between edge and PR was just 0,2 ˚C.  
 
The improvement by the use of pressure is negligible compared to the overall 
temperature span. To remove the sheet after the test a scrape had to be used, therefore 
an assumption that the graphite had good contact can be made.  
 
The graphite sheet was not affected cosmetically by being wedged in the slot. No 
deviation could be seen. Figure 23 shows the graphite on the carrier after being 
dismounted.  

1.1.2 Test C 
The test indicates that bent graphite do not have a significant effect of the 
performance of the spreaders. The temperature difference between the sides may have 
been affected by the contact with the cooling area.  
 
The graphite may have been exposed to too much heat in the third test and thereafter 
lost its ability to transfer heat in the same manner as before. But no such evidence can 
be found in the temperature log. According to specifications the graphite have an 
operating temperature up to 400 ˚C and the coatings to 150 ˚C. The temperatures 
measured by the I-R Camera exceed 150 ˚C in test number two and three. No 
comparison can be made with the temperature log because the temperature sensor 
placed by the PR fell off during both these tests. The I-R camera temperatures do not 
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comply with the temperature log for the temperature measured over the PR, the 
logged temperature is lower than the I-R camera temperature.  
 
When the coating came off the graphite the thermal resistance between the PR and the 
graphite may have changed by forming of a gas pocket underneath. Then the PR did 
not have contact with the graphite and that could explain the deterioration. 

6.1.2 Errors of Measurements 
The adhesive on the graphite sheets can get cosmetic changes after one year because 
the protective paper can come off the adhesive, if its not mounted. It exists a risk that 
the tested graphite sheets of the 450-material may have been older than one year when 
assembled, but no cosmetic changes have been detected prior to the test on the sheets. 
However, the adhesive has an importance for the thermal contact and it can not be 
eliminated that the storage time has affected the outcome of the results for the 450-
material. The results where discussed with the Swedish manufacturer representative 
about relative results. His point of view is published in the Appendix F.  
 
The Test where analysed both for temperature difference between the PR and the edge 
and the heat rise of the PR. Expected was that the measured data would give the same 
result for both. The test data show that they do not always comply. The test data show 
the result for these specific tests at these test times. To be able to draw more general 
conclusions the test needs to be replicated.  

6.2 Tests of the Anisotropic Impact  
The anisotropic features of graphite have a greater impact on point loads than on 
extended loads. In comparison with aluminium the advantage of using graphite is 
reduced when the thickness approaches 2,2 mm for the 400-material at point load. For 
extended load all graphite sheets perform better than aluminium theoretically.  
 
Comparison with aluminium fins to reduce the impact of the absorption of heat 
problem at hot spots shows that the fins help. In reality you might get contact 
problems because of production problems since the two surfaces need to be aligned 
and mated. This corresponds to the manufacturer information that vias are needed 
when the heat flow is more than 20 W at a small area.  
 
In the first computer analysis the impact of thermal interfaces was not been taken 
under consideration. In reality the interface will always have some effect on the 
thermal heat flow. The interface resistance used in Test F is the value from the 
manufacturer, and is the plastic coatings thermal resistance. The interface resistance 
could be greater in real life tests.  
 
The temperature difference between maximal temperature and minimal temperature 
decreases most when more material is added. The temperature difference between the 
hottest area and the coolest temperature is reduced when the thickness increases. This 
follows Equ. (13) derived from Equ.(11) and Equ.(12). Equ. (11) derive from Equ. (6) 
and Equ. (9).   

δλ ⋅⋅⋅
=

Δ
b

L
Q
T

8
 (11) 
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b
LC
⋅⋅

=
λ8

 (12) 

δ
CTTT =−=Δ minmax  (13) 

This can be seen in the tests where the biggest temperature difference is at the thinnest 
sheets.  
 
Comparing the temperature difference of the graphite (with and without contact 
resistance) to theoretical calculation of what that would be equal to in aluminium, the 
corresponding thickness is achieved. The temperature difference between the maximal 
temperature and the boundary condition temperature was then used in Equ. (11) and 
then the thickness was broken out in Equ. (14). The result is presented in Figure 67. 

Tb
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Δ⋅⋅⋅

⋅
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λ8
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Figure 67 Thickness comparison between aluminium and graphite 

6.3 Humidity Test 
The graphite sample of uncoated graphite with adhesive shows a tendency of 
absorbing humidity. However, the variation width was very narrow, and many of the 
thicknesses measured are within the error of measurements. The number of samples 
tested were also very small. Coating the graphite with Parylene seems to isolate from 
humidity better than uncoated, evaluated based on weight. On the basis of this test it 
can not be ruled out that uncoated graphite might absorb water. Graphite will need to 
be capsulated.  
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7 Concept Evaluation 
Here the result from the concept evaluation is presented. The concepts are presented 
in chapter four Concept Ideas.  
 
Discussions were carried out with the company supervisor about the test result for the 
analyses. The company supervisor recommended concept three for further evaluation.  
 
Thereafter the decision matrix was carried out to further evaluate the concept. In 
Table 3 the criteria and result of the second evaluation are shown. The concept with 
best results from the decision matrix was concept three. The advantages with concept 
three were primarily the ability of using the concept for other carriers and that it 
seems to be easy to implement.  
 
Table 3 Decision matrix of concepts 
 

Criteria  Importance 

Alternatives  
Concept number 

1 2 3 4 5 6 7 8 
Weight 4 2 5 4 3 3 4 2 2 
Manufacturing 3 1 5 5 3 2 2 1 2 
Adaptable  5 1 4 5 4 3 1 3 1 
Interfaces  3 1 3 5 4 3 2 1 1 
Redesign 3 1 4 5 5 4 3 1 2 
Mounting ability 4 1 1 5 5 1 2 1 2 
Environmental tolerance 5 2 1 4 3 3 4 5 4 
Thermal performance 5 3 3 3 4 4 2 3 2 
Avoid TIM 2 5 1 1 1 1 3 1 5 
 Total score: 61 102 143 125 95 86 78 76 
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8 Design Recommendations 
In this chapter design recommendations for the HPC carrier are presented together 
with a comparative analysis between the original design and a design with a weight 
reduction and a design with a temperature decrease. Here are also some general 
considerations presented for designing with graphite.   
 
The design chosen to further develop and evaluate was concept three. To be able to 
use the same dimensions of graphite in other carriers the design was changed to a 
rectangle with the dimensions 212 x 118 mm, see Figure 68. 

 
Figure 68 Modified concept three 

8.1 Choice of Graphite Spreader 
The conclusion of Temperature Test A and the simulations show that graphite with a 
high in-plane conductivity gives a more satisfying result than graphite sheets with 
better though thickness conductivity but a lower in-plane conductivity. Owing to this, 
the 500-material was chosen. The evaluation of graphite sheet with interface 
resistance compared to aluminium, see Figure 66, shows that a thickness over 2,9 mm 
can not compete with aluminium EN AW-1070. eGraf thickest sheet in the 500-
material is 2,29 mm thick. This thickness was therefore chosen. 
 
The graphite needs to be encapsulated for four reasons. The graphite may shear and 
needs therefore support. Dust particles from the graphite may fall out and since 
graphite is an electrical conductive material it could shortcut circuits on the PCB. If 
graphite was not encapsulated it could also risk corrosion in the application since 
graphite and nickel are farther away than 0,15 V in electro potential and the carrier is 
coated with nickel. Aluminium/nickel and aluminium/graphite also has potential 
differences that risk corrosion if exposed to damp environment. Therefore, the 
aluminium coating could not be chosen.  
 
The coating also needs to cover the sheet edges. The through-going hole in the 
carrier’s back plane needs to be kept free, see Figure 68. This hole can be punched for 
this carrier and the edges could be coated with Parylene or something equivalent to 
protect from humidity. The plastic coating needs to be combined with PSA adhesive 
for mounting. Smalc et al. (2005) showed that the plastic coating has neglectable 
impact on the temperature rise across the interface. 
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8.2 Thickness and Weight 
Graphite sheet 500-material with a conductivity of 460 W/mK with the base 
dimensions 212 x 118 and a thickness of 2,29 mm is equivalent to 2,55 mm 
Aluminium EN AW-1070. Equ. (14) give: 

m
Tb

QLh 0025,0
6,31118,02308

81212,0
8

=
⋅⋅⋅

⋅
=

Δ⋅⋅⋅
⋅

=
λ

  

 
2,5 mm was inserted in the simulation and gave a maximum temperature of 103.2 ˚C. 
2,6 mm was inserted which gave 102,1 ˚C. By linear interpolation 2,55 mm was 
given. 
 
Dimension in graphite: 

35333 107,51029,21011810212 m−−−− ⋅=⋅⋅⋅⋅⋅  
Weight in graphite: 

gcmgcm 96/7,157 33 =⋅  
Dimension in aluminium: 

35333 1036,61055,21011810212 m−−−− ⋅=⋅⋅⋅⋅⋅  
Weight in aluminium: 

gcmgcm 172/7,24,6 33 =⋅  
Reduction in weight by using graphite: 

g7696172 =−  

8.3 Two Configurations 
The redesign of the original design has been optimized in two configurations:  

• Configuration W: 
Configuration that gives the same component temperatures as the original 
design but with a weight reduction  

• Configuration T: 
Configuration that have the same dimensions as the original design but 
decreases the temperatures.  

 
The comparison with the original design is presented in Table 4. Configuration W is 
designed to theoretically correspond to the temperatures of the original design. The 
maximal temperature is on the PCB, and is 5,1 ˚C higher in the original design then at 
the W configuration. Configuration T decreases maximum temperature by 10,4 ˚C 
compared to the original design. The weight of configuration W is 88 g lower then the 
original design and configuration T weigh 45 g more. The thickness in Table 4 
concerns the height of the carrier together mounted on the PCB.   
 
The reason why configuration W result in more weigh reduction than the 
corresponding 76 g is because superfluous materials has been removed resulting in an 
additional weight loss of 12 g.  
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Table 4 Configuration comparison to the original design 

Configuration 
Temperature probe [°C] Weight 

[kg] 

Weight 
difference 

[kg] 
Thickness 

[mm] 

First 
mode 
[Hz] 1 2 3 max 

Original design 85,0 87,1 84,5 122,0 0,615   17,15 865,32
W 85,0 87,7 84,4 116,9 0,527 -0,088 16,33 713,05
T 83,6 85 83,1 111,6 0,660 0,046 17,15 770,68

 
Analysis of the frequency resulted in a lower first mode for both configurations. The 
mode was still far above the risk frequency. In reality the graphite sheet’s adhesive 
might moderate the effect of the vibrations and increases the first mode frequency.  
 
In Figure 69 and Figure 70 the heat distribution of the two carrier configurations is 
shown. The maximal temperature here is different from the carrier together with the 
PCB presented in Table 4. The heat distribution of configuration W is similar to the 
distribution of the original design, see Figure 3.  
 

Figure 69 Heat distribution of 
Configuration W 

Figure 70 Heat distribution of 
Configuration T 

 
The thermal expansion is much lower for the graphite sheets than for aluminium. The 
configurations in the design recommendations are not affected by the thermal 
expansion since the graphite is mounted on the back of the carrier with adhesive.  

8.4 General Considerations 
If graphite is to be used in Saab Avitronics products considerations must be taken to 
price and performance compared to the specifications of requirements. Graphite 
sheets give improved heat distribution even for thin sheets. Here is also most weight 
and thickness gained. Even thin layers of graphite give a temperature reduction. Test 
B shoved that adding a 0,18 mm layer of graphite above the carrier can reduce the 
temperature up to 3 ˚C. 
 
If graphite is to be used to cool hot spots areas the graphite should be designed with 
through thickness reinforcement to improve heat absorption. As the designs in 
concepts four and five.  
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8.5 Demands 
The concept configurations have not changed the interface between the carrier and the 
box or the thickness, therefore, the new design also comply with the IEEE 1101.2 
standard.  
 
More work remains before graphite could be implemented in Avitronics’ products. 
The accelerated life test performed by Xiong and Noreley et al. imply that the graphite 
can sustain the high temperature demands specified by Saab for storage temperatures.  
In the accelerated life test the performance was tested prior and after the temperature 
cycles and was only tested by them down to -40 ˚C. Therefore, no conclusions can be 
drawn for the lower temperature demand for storage temperatures specified by Saab 
(down to -55 ˚C). Saab’s demand on operating temperatures from -40 ˚C and + 70 ˚C 
must be tested. Test C in the analyses imply that the performance of the graphite or 
the plastic and adhesive coating can change if exposed to temperatures above 100 ˚C. 
According to the manufacturer specifications the graphite should cope with 
temperatures up to 400 ˚C and the plastic and adhesive coating up to 150 ˚C. More 
evaluation of the graphite is needed to conclude if it can sustain the temperature 
demands.  
 
From the humidity test the conclusion is that the graphite needs to be encapsulated to 
withstand effect from a damp environment. Both configurations have a higher first 
mode then the demand to exceed 350 Hz.  
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9 Discussion 
In this chapter the design recommendations are discussed together with the overall 
result and methods of the thesis work.  
 
The aim of this thesis was to investigate if graphite is an adequate material that can 
increase the heat distribution of card carriers. The purpose was to lower the 
components temperatures and reduce weight for the HPC. The work has consisted of 
concept generation and design analyses based on practical tests and simulations. The 
questions in the problem statement and the investigation needs that arose during the 
concept generation were considered when developing the test methods.  
 
If graphite is an adequate material depends on the products’ demands. The weight 
reduction compared to aluminium for the same temperature difference is not great, but 
when the margins are minute graphite might be needed. The HPC carrier is close to its 
geometric boundaries and reduction of temperature can not be achieved by an increase 
in aluminium mass. This would also result in increased weight. 
 
When implementing unproven materials new problem can arise. During realization 
and operating unforeseen issues can come about that did not exist with the previously 
design. Therefore, extensive testing is necessary to avoid detection of problems late in 
production since they then cost more to fix.  
 
The thermal performance tests to compare the materials were needed to investigate 
how graphite performs in reality and to compare it with copper. The evaluation 
methods did not give a clear result in the test-set-ups with pressure, perhaps other 
factors had an impact on the result that where not considered. Even with the error of 
measurements considered the tests seem to have measured what they should. The 
simulations can not fully correspond to reality but since they are only used in 
comparison the same errors affect all in the same way and have therefore not any 
impact on the final result.  
 
The test-rig was considered as a temperature reference since it had a long thermal lag 
compared to the carrier based on its volume. To get a better temperature reference a 
test-rig could be built, especially for this type of tests, with an active cooling. The test 
carrier had two PR to simulate components heat generation. These were placed in the 
middle of the card. In reality the components’ are spread over the surface of the PCB 
and the heat load could in reality be assumed to be more uniform.  
 
The humidity test did only show if graphite absorbs water in a damp environment. 
Recommendations for future tests would be to mount graphite to aluminium coated 
with nickel to see how the assembly would react in humidity. Possible corrosion could 
also be studied.  
 
The thesis work has been delimited by only performing tests on products from one 
manufacturer and by use of only the test samples available. This has also delimited the 
result of the design recommendations since no adequate conclusions can be drawn on 
materials not compared. Pyrolytic graphite sheets that have, according to the 
manufacturer, a higher conductivity in-plane and through plane conductivity should 
be interesting to compare.  
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The interface between the carrier and the card was a locked condition and chosen 
design was limited by this. The graphite does not give a great advantage compared to 
aluminium if the contact resistance is considered. Using graphite together with 
aluminium will always result in additional interfaces. Therefore, the overall ability to 
conduct heat is affected in spite of the graphite’s great thermal conductivity in one 
direction. When not considering the interface graphite theoretically always 
outperforms aluminium regardless of thickness up to the tested 3,7 mm.  
 
The thermal feature of graphite is high conductivity in-plane and low conductivity 
through thickness. In the carrier design the aim is to optimize the heat transfer to the 
sides and even out the temperature differences. This requires that the anisotropic 
features that shield the heat from passing through the material do not reduce the 
spreading effect. According to the simulations the anisotropic features are neglectable 
for thin sheets at uniform heat loads. The carrier has components placed over the hole 
PCB and the overall power density is relatively low and the heat load can be assumed 
to be uniform.  
 
In this thesis only thermal conductivity has been considered for the carriers. This 
since the carriers is mounted in a closed box, where the cooling occurs only in the 
walls. Heat can also be exchanged through convection and radiation. Even if this has 
very small effect in this case perhaps the investigating of their impact and design for 
them might improve the design. The anisotropic feature of graphite with low thermal 
conductance through the thickness could perhaps shield from heat exchange between 
the different cards in the box.  



  

 67 

10 Conclusion 
The main conclusion drawn from this work is the following. 

The problem of this thesis was to investigate if graphite is an adequate material to 
decrease temperature and reduce weight in carriers to PCB and to find how it could be 
implemented with a HPC carrier. Graphite could be used to redesign the carriers and 
the work resulted in design recommendations for the HPC carrier. Graphite could be 
used in the carrier by substituting the top layer of aluminium with graphite. The 
recommended design was optimized into two configurations one aiming to reduce as 
much weight as possible and the other to lower the temperatures. The weight 
reduction configuration could reduce weight by 88 g and the other could lower the 
maximum temperature on the PCB by 10,4 °C. If graphite is to be used in carriers and 
is an adequate material depends on the demands in each case. New material should be 
implemented with precaution.  

Implementing graphite to the HPC carrier was restricted by the card design. The 
interface between the card and the carrier needed to be the same. Owing to this, the 
chosen design had its advantages because it did not affect that interface and is 
adjustable for carriers of similar type as the HPC.  

The thermal expansion is much lower for the graphite sheets than for aluminium. The 
configurations in the design recommendations are not affected by the thermal 
expansion since the graphite is mounted on the back of the carrier with adhesive.  

The problem of the thesis was also to investigate how graphite performs compared to 
other highly conductive materials as copper and aluminium. The tests show that using 
graphite spreaders improve the thermal performance of the aluminium carrier. 
Aluminium was compared to graphite by computer simulations. Even thin layers of 
graphite give a temperature reduction, adding a 0,18 mm graphite sheet can reduce 
temperature up to 3 ˚C. Only the 500-material could compete with the performance of 
copper, and the important factor is the in-plane conductivity.  

The question if pressure on the graphite sheets with adhesive would improve the 
overall heat transport arose during concept generation. A good interface seems to be 
of importance for the results of graphite. Extra pressure does not give a clear 
improvement when using PSA, probably because the adhesive gives good contact. 
The graphite needs to be encapsulated by plastic and might not be able to withstand 
temperatures exceeding 100 ˚C.  

Graphite seems to be able to withstand some of the environmental demands, but 
further investigation is needed.  

Computer simulations were carried out to investigate the impact of graphite’s 
anisotropic features. They showed that the impact of the anisotropic structure affects 
more when the thickness increase and the best gain compared to aluminium is 
received at adding thin graphite. At thicker sheets the gain decreases and with contact 
resistance considered graphite of 500-material gives the same result as aluminium at 
sheets with a thickness of 2,9 mm. The simulation tests show also that for a uniform 
heat load, as can be assumed with the HPC, the through plane conductivity does not 
have the same impact.  
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The advantage of the graphite’s features is used most beneficial in solutions where the 
need is to spread the heat over large surfaces and shield the heat from spreading 
through to the other side. Like in the laptop examples, where the good conductivity 
in-plane spread the heat and the low conductivity through thickness shield the palm 
rest, see 2.6.1 Laptop Computers. 
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11 Future Work 
This chapter will give recommendations for further work. 
 

• Vibration test and accelerated life tests for low temperatures down to -55 ˚C 
need to be performed for the recommended design. The operating 
temperatures from -40 ˚C and + 70 ˚C must be tested and the plastic coating 
needs to be evaluated based on fungus. In future humidity tests the graphite 
with plastic and adhesive coating should be mounted on an electroless nickel 
plated aluminium carrier to see the affect on the whole structure.  

 
• Build prototype of the recommended design configurations. 
 
• All concepts could be evaluated in Ansys to compare which one gives the 

theoretically best result. Here awareness must be taken to how Ansys process 
anisotropic features, which is done after coordinate systems, as when bent 
graphite is used. The coordinate system must be changed. The real life 
problems of interfaces are also hard to evaluate in theoretical models.  

 
• CFD-analyses could be made on the carrier with the graphite configurations 

where the impact of convection also could be considered. The impact of 
radiation could also be interesting to consider.  

 
 

• In future development processes integration between PCB designers and 
mechanical designers could focusing on developing a card design adjusted to 
cooling by graphite spreaders.  

 
• To be able to draw more general conclusions from the test more test iterations 

must be performed. Carry out Test C more times to investigate what can have 
changed the character of the graphite. Graphite samples with different 
thickness and with different coating should be tested from different 
manufacturers.  

 
• The test method’s test rig needs better cooling so that constant temperature can 

be assumed at the edges for more accurate results.  
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Appendix A. Environmental Tests Procedures from Xiong, Y. et al. 
 
Test procedures for Xiong, Y., Norely, J. et al.. envirmental tests. 
Xiong, Y., Norley, J. (2008). Thermal Tests and Analysis of Thin Graphite Heat 
Spreader for Hot Spot Reduction in Handheld Devices. 978-1-4244-1701-8/08. IEEE 
Xplore.  
 
 

  
Steady Temperature Test Sequence, ramp rate approximately 1 °C/min 

 
Thermal Shock Test Sequence 

 
Humidity Heat Test Sequence 



  

 III 

Appendix B. Focus Areas for Interviews 
 

• Experience with graphite  
 

• Tests performed 
 

• Problems  
 

• Discussion of carrier problem 
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Appendix C. Thermal Performance Tests 
 
Test Log Temperature Test 

Log  Heading Parameter 
Expected 
Condition Result  Time 

Test 
Leader 

1 Installation      OK  See test result Annika 

2 Screen-off Air 
Screen off air 
circulation  OK  See test result Annika 

3 
Test 
conditions Temperature   

Fill out Table 3, Test 
Result  See test result Annika 

4 Test Temperature   
Fill out Table 3, Test 
Result  See test result Annika 

 
Graphite Materials Temperature Test 

 Manufacturer 
Graphite 
type 

Standard 
thickness 
[m] Area [m2] Composition from manufacturer 

Heat 
conduction 
[W/mK] 

500 eGRAF®  Natural  0.008  0.04 x 0.03 Plastic coated on two sides, adhesive on one 460; 2,9 
450 eGRAF® Natural  0.008  0.04 x 0.03 Plastic coated on two side, adhesive on one 420; 3,2 
400 eGRAF® Natural  0.008  0.04 x 0.03 Plastic coated on two side, adhesive on one 360; 3,5 
400 eGRAF® Natural  0.0018  0.04 x 0.03 Plastic coated on two side, adhesive on one 360; 3,5 
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Test Data Test A 

Test nr 

Start Temperatures 
[˚C] 

Temperature after 15 
min [˚C]  ∆T (corrected 

by the 
difference in 
Power) [˚C] 

∆T (End-Start) 
Over Power 
Resistor [˚C] 

∆T (corrected 
by the 

difference in 
Power) [˚C] 

  

Comment 
Power 

resistance edge 
Power 

resistance edge 

∆T (Power 
Resistor-

Edge) [˚C] 
Effect 
[W] Time 

ALU_1 23,1 23,1 67,9 36,3 31,6 31,6 44,8 44,8 52,58 10.03 2009-03-18 Lower mass 
ALU_2 24,5 24,5 68,9 37,3 31,6 31,6 44,4 44,4 52,58 12.33 2009-03-18 Lower mass 

COPPER 26,7 26,8 65,1 39,3 25,8 25,9 38,4 38,6 52,36 14.42 2009-03-18  
G_400 27,6 26,8 63,6 35,3 28,3 28,3 36,0 36,0 52,58 16.45 2009-03-18  

G_400_T 23,7 23,7 62,1 35,5 26,6 26,7 38,4 38,6 52,36 08.10 2009-03-20  
G_450 25,0 25,0 63,6 36,6 27,0 27,0 38,6 38,6 52,58 09.50 2009-03-20  

G_450_T 26,1 26,2 64,6 37,5 27,1 27,1 38,5 38,5 52,58 11.25 2009-03-20  
G_450_T2 26,8 26,8 64,9 38,2 26,7 26,7 38,1 38,1 52,58 12.45 2009-03-20  

G_500 26,7 26,9 61,7 35,6 26,1 26,1 35,0 35,0 52,58 14.50 2009-03-20  
G_500_2 25,4 25,4 60,6 36,1 24,5 24,8 35,2 35,6 51,92 14.10 2009-03-21  
G_500_3 26,7 26,8 61,9 37,3 24,6 24,9 35,2 35,6 51,92 14.40 2009-03-21  

G_500_T1 22,6 22,6 58,6 33,3 25,3  36,0   12.10 2009-03-21  
G_500_T2 27,3 27,3 62,6 37,0 25,6 25,6 35,3 35,3 52,58 16.20 2009-03-20  

G_500_T2_2 24,4 24,4 60,1 35,0 25,1  35,7   13.47 2009-03-21  
ALU = Aluminium. G_400 = Graphite with 360 W/mK. G_450 = Graphite with 429 W/mK. G_500 = Graphite with 460 W/mK. The number after stands for applied pressure 
and test number. T stands for an applied pressure of 0,5 kPa and T2 stands for an applied pressure of 1,6 kPa 
Test Data Test B 

Test nr 
Start temperatures 
[˚C] 

Stabilization 
temperature [˚C] 

∆T (Effect 
Resistance-Edge, 
stabilization) [˚C] 

∆T (corrected by 
the difference in 
power) [˚C] 

∆T 
(End-
start) 
[˚C] 

∆T (corrected by 
the difference in 
power) [˚C] 

Effect 
[W] Time/ Date Comment 

1 26,9 27,1 69,5 41,4 28,1 28,5 42,6 43,1 52,1 15.30 2009-03-21   
2_T 27,2 27,3 68,8 40,9 27,9 28,3 41,6 42,1 52,1 16.50 2009-03-21 Camera off 
3_T 23,7 23,1 64,4 36,4 28,0 28,2 40,7 40,7 52,4 08.05 2009-03-21
ALU_1 23,1 23,1 67,9 36,3 31,6 31,6 44,8 44,8 52,8 10.03 2009-03-18 Camera off
ALU_2 24,5 24,5 68,9 37,3 31,6 31,6 44,4 44,4 52,8 12.33 2009-03-18
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Test Data Test C 

Test 
nr 

Start temperaturs [˚C] After three minutes [˚C] ∆T (Bent 
Side-Flat 

Side) 
[˚C] 

  

Comment 
Flat 
Side 

Bent 
Side 

Power 
Resistor 

Flat 
Side 

Bent 
Side 

Power 
Resistor Power[W] Time 

1 24,8 24,8 24,8 55,7 57,6 85,6 1,9  

18.03 
2009-03-

24  

2 24,1 24,1 24,4 45,1 47 60,6 1,9 52,1 

08.30 
2009-03-

25  

3 24,4 24,4 24,5 54,2 53,8 70,9 -0,4 52,4 

09.08 
2009-03-

26  

4 24,5 24,6 25,0 31,2 34,9 110,5 3,7 52,6 

09.27 
2009-03-

27  

5 24,7 24,7 25,4 32 30,4 94,8 -1,6  

09.42 
2009-03-

28 
Test time 2 

min 

6 25,0 25,1 25,1 31,8 46,0 98,7 14,2 52,6 

16.54 
2009-03-

29 
Test time 2 

min 
 
Test Equipment 

Description Type Serial no Calibration Remark 

 IR camera (IR) 
Thermo vision 
Flir System 101688   S/N 22700409 Thermovision A20 

 IR camera software 
application  Flir System     

ThermaCAM™ Reasearcher 
Professional 2.7 

 Triple Power Supply EX354Tv 261132 2008-08-20   364404-01 
 Power resistors Dale RH-25 7636   18 Ω 3 % 25W 
 Leads         
Temperature sensors  NiCr-Ni (K) 
Temperature log    Channels used: M00, M01, M02 

Aluminium heat sink   
Card module. Electroless nickel 
coated

Wedge-loks    Wedge-Lok® 40-5VI-10-N-M2 
Plastic foam     
Screws    8x M2,5x6 MC6S 
Washers    8x BRB2,5 
Nuts    2x M2,5  
Acetone     
Degreaser     

Gap filler Thermal paste   
GA Lindberg, AOS HSC 
400.30EFD Batch: 01714 

Gap filler Fluent Gap pad    
Carton paper     
Loading force    0,5 kPa and 1,6 kPa 
Torque wrench     
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Appendix D. Humidity Test 
Test Log Humidity Test 

Log  Heading Parameter 
Expected 
Condition Result  Time 

Test 
Leader

1 
Pre 
conditions 

Weight 
  Fill out table 2 

  
2009-03-04 11.40 

AnnikaThickness 2009-03-04 09.15 

2 
Visual 
examination 

Outside 
surface   Pictures  2009-03-04 10.00 Annika

3 
Installation 
in chamber      OK!  2009-03-04 13.05 Annika

4 Test Temperature    OK! 

2009-03-04 
Ambient 27˚C 
13.05 68,4˚C 
15.20 68,4˚C 
16.40 69,7˚C 
2009-03-05 
70,7˚C Annika

5 
Take out 
samples 

Recover to 
ambient 
conditions   OK!  2009-03-13 13.20 Annika

6 
Post 
conditions 

Weight 
  Fill out table 2 

  
2009-03-13 13.20

AnnikaThickness  2009-03-13 13.50 

7 
Visual 
examination 

Outside 
surface 

No swelling of 
material due to 
moisture absorption 

G2: humidity 
on part of 
surface   Annika

8 
Installation 
in chamber      OK!  2009-03-13 15.40 Annika

9 Test Temperature    OK! ~70˚C Annika

10 
Take out 
samples 

Recover to 
ambient 
conditions   OK!  2009-04-04 14.05 Annika

11 

Post 
conditions Weight   

Fill out table 2 

  
 2009-04-04  Annika

 Thickness  2009-04-04  
 
Graphite Test Materials  

c Manufacturer 
Graphite 
type 

Standard 
thickness 
[m] Area [m2] Composition from manufacturer 

Extra 
coating

G1 eGRAF [2] Natural  0,0008 
 0,04 x 
0,03 Plastic coated on two sides   

G2 eGRAF Natural  0,0008 
 0,04 x 
0,03 Plastic coated on one side, adhesive on one   

P1 eGRAF Natural  0,0008 
 0,04 x 
0,03 Plastic coated on two sides Parylene 

P2 eGRAF Natural  0,0008 
 0,04 x 
0,03 Plastic coated on one side, adhesive on one Parylene 

 



 

 VIII 

 
Test Data Thickness 

Graphite piece  G1  
[mm] 

G2 
[mm] 

P1 
[mm] 

P2 
[mm] 

1 2 3 1 2 3 1 2 3 1 2 3
After 9 days                         
Thickness before 0,790 0,785 0,785 0,840 0,835 0,835 0,830 0,835 0,830 0,890 0,880 0,880 
Thickness after 0,790 0,785 0,785 0,850 0,845 0,845 0,840 0,835 0,835 0,895 0,885 0,885 
Difference 0,000 0,000 0,000 0,010 0,010 0,010 0,010 0,000 0,005 0,005 0,005 0,005 
After 9+20 days         
Thickness after 0,790 0,790 0,790 0,850 0,845 0,845 0,835 0,835 0,840 0,895 0,890 0,885 
Difference 0,000 0,005 0,005 0,000 0,000 0,000 -0,005 0,000 0,005 0,000 0,005 0,000 
Total         
Difference 0,000 0,005 0,005 0,010 0,010 0,010 0,005 0,000 0,010 0,005 0,010 0,005 
Difference % 0,0 0,6 0,6 1,2 1,2 1,2 0,6 0,0 1,2 0,6 1,1 0,6 
 
Test Data Weight 

Graphite 
piece         

Weight 
before 

[g] 

Weight 
after 9 
days  
[g] 

Difference 
after 9 
days  
[g] 

Weight 
after 
9+20 
days  
[g] 

Difference 
after 20 

days  
[g] 

Total 
difference 

[g] 

Total 
difference 

% 

G1  1,661 1,685 0,025 1,716 0,031 0,056 3,4 
G2 1,954 2,048 0,094 2,094 0,045 0,140 7,1
P1 1,820 1,839 0,019 1,846 0,007 0,026 1,4 
P2 2,128 2,151 0,023 2,139 -0,013 0,011 0,5 

G stands for uncoated graphite sheets, P stands for Parylene coated graphite sheets.  
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Test Equipment  

Description Type Serial no Calibration Remark 

 Microscope Leica Wild 439168
2005-08-19 
Service

Inv. nr. 230037 
Stereomicroscope Leica M10 

 Scale AEI63 B87255 
2005-12-07 
219899-I Mettle Toledo  

 Temperature sensor     2001-02-22 Fluke 52 K/S Thermometer 

 Micrometer PAV 0-25 10169
Analog, Error of measurements 
5μm

Camera     
Distil water     
Waterproof pencil     
String wire     
Glas jar with metal lid    The lids had two small holes 
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Appendix E. Computer Simulations 
Here material properties are presented. For isotropic comparison of graphite materials 
the anisotropic thermal conductivity has been change to the in-plane conductivity.  

Material Properties 
Structural 
Young's Modulus 4,2e+007 Pa 
Poisson's Ratio 0
Density 1,94 kg/m³ 
Thermal Expansion 0, 1 /°C
Electromagnetic 
Resistivity 6,e-003 Ohm·m
Thermal 500-material 
Thermal Conductivity X direction 460 W/m·K
Thermal Conductivity Y direction 2,9 W/m·K 
Thermal Conductivity Z direction 420 W/m·K
Thermal 450-material 
Thermal Conductivity X direction 420 W/m·K
Thermal Conductivity Y direction 3,2 W/m·K 
Thermal Conductivity Z direction 420 W/m·K 
Thermal 400-material 
Thermal Conductivity X direction 360 W/m·K 
Thermal Conductivity Y direction 3,5 W/m·K 
Thermal Conductivity Z direction 360 W/m·K 
Specific Heat 846 J/kg·K 

 
Conditions 

 
 
 
 
 
 
 

Analyse type Steady-State Thermal 
Connections Bonded 
Temperature 71 °C ( two areas) 
Initial conditions 22 °C 
Heat flux (for extended load) 3250,1 W/m2 
Internal heat generation (for point load) 8,1e8 W/m3 
Heat flux area 211,96 x 117,58 
Area for changing thickness 211,96 x 117,58 
Temperature monitoring maximal temperature 
Mesh Automatic generated 
Thermal resistance 6400 W/mK (Test F) 
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Appendix F. Error of Measurements 
The test results were discussed with Jussi Myllyuoma at Bromanco Björkgren AB. 
Only relative results were discussed. His opinion and point of view is published here. 
The information is summarized from a discussion and the text has been endorsed by 
him. 
 
According to Jussi Myllyluoma at the Swedish eGraf representative, the results of the 
500 W/mK Spreadershield sheet in Test A seem reasonable in that the material 
performs better than copper, but the relative measured performances of the 400 and 
450 W/mK sheets appear clearly unreasonable. (NB that no absolute values were 
shared; this discussion was entirely based on relative results.)  
 
Since no fresh sample sheets were requisitioned for the tests, some of the materials 
used were considerably older than one year. This is likely to have had an impact on 
the adhesion and thermal properties of the PSA adhesive, which has a pre-activation 
storage shelf life of up to one year. Unreasonable results are therefore to be expected. 
 
In Test B and C it is reasonable that the thermal performance of the graphite sheet 
should be unaffected after it has been bent. The graphite crystals will conduct heat as 
long as they remain in contact in one another, and the layered crystals will glide 
against each outer when the sheet is being bent. The graphite sheet has therefore a 
relatively high amount of flexibility, and the plastic laminated material can be bent 
back and forth any number of times without adverse effect on the performance. The 
material will conduct heat unless it is bent sharply, thus breaking the contact between 
crystals in the material plane.  
 


