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This lecture aims to present the EU-FP7 project "THERMACO" which focuses on the production of new high conductive carbon
based MMC (Metal Matrix Composites) obtained by casting processes. These novel, extremely efficient, thermally conductive
materials are particularly targeted to heat evacuation applications in critical fields such as power micro-electronics, e-mobility
and (renewable) energy generation as well as highest performance combustion engines.

Some preliminary numerical results obtained by project activities are here presented. The investigated composite material is a
commercial aluminium alloy (A356) reinforced with different carbon based materials that have been selected and employed as
inserts to enhance the thermal conductivity of the matrix. The thermal behaviour of the obtained materials has been studied by
means of theoretical (EMA - Effective Medium Approximation) and numerical (FEM - Finite Element Methods) approaches in
order to determine the effective thermal conductivity in the different directions of heat dissipation.

The effects of thermal resistance at the interfaces between matrix and inserts have been considered in order to numerically
evaluate influence of casting process parameters which determines the quality of interfaces between the different materials of
composites.

The numerical results have been validated by direct thermal conductivity measurements on sample of the obtained materials
by means of a thermofluximeter instrument (NanoFlash Light Flash System).
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T WHAT DOES THERMACO DO — THE PROBLEM-OPPORTUNITY-SOLUTION SCENARIO

« Many KETs depend on efficient heat evacuation; example:

— Processors, Transistors,... are destroyed when too hot, but
generate massive heat themselves

* Further integration/downscaling on chip level not possible

* Need for large/directly connected cooling systems limits design
freedom/downscaling on application/part level

* New material shows extremely positive conductivity values:

— Graphene being discovered only in 2004
* Up to 4000W/m*K (10x Cu) thermal conductivity in-plane

Novel .
* Very low conductivity cross-plane

Opportunity
= Apply to production/process chain/part
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SMART THERMAL CONDUCTIVE AL-MMCSs BY CASTING

THERMACO aims at providing manufacturing technologies for extremely efficient solutions in heat evacuation based on
Aluminium Metal Matrix Composites (Al-MMC) with Carbon-based thermal highway inserts.

GRAPHENE / TPG

@ Extremely high heat conductivity

(® Low structural stability
(© Difficult to handle
(© Difficult to machine

ALUMINIUM

@ High mechanical stability

@ Low weight
(P Established material

(® Low heat transfer coefficient

im
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ALUMINIUM METAL MATRIX
COMPOSITE (AI-MMC) PART

(¥ High mechanical stability
@ Cool part
@ Established material

Anisotrope extremely high
heat conductivity

We generate design guidelines and reliable and efficient manufacturing technologies for novel composite parts using insert
production, casting simulation, investment and gravity die casting, surface micro structuring, precision machining and LCA.
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HOLISTIC INDUSTRIAL/APPLICATION READY PROJECT

Target groups

(power) electronics
Automotive / e-mobility
Machine tool industry
Aerospace

Medical devices

Expected impact

=
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Enhance cooling efficiency
dramatically

Increase functional
integration possibilities
Allow for completely new
component designs and
manufacturing routes
Enhance utilisation of
composite materials
Reduce cost and waste
Bolster competitiveness
and market strength
through innovation and
industrial leadership
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PROJECT MANAGEMENT

SCIENTIFIC CODRDINATION, O PERSON MO

NTHS, DISTRIBUTED TO ALL WORK PACKAGES

b

LIFE CYCLE ANALYSIS AND ENVIRONMENTAL IMPACT
[ WP1 | [ WP2_ | [ WP5 | Wp8
DESIGN FOR AN DEVELOPMENT OF Al MG WITH FINISH MACHINING AND SURFACE T
INTEGRATION OF - INCREASED THERMAL PROPERTIES - STRUCTURING
THERMAL - :
HIGHWAYS DISSEMINATION AND
I EXPLOITATION
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MOULD DESIGN CASTING PROCESS DEVELOPMENT
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Solutions for improvement of thermal conductivity in aluminium composites

Linear Improvement ( K* «« Km)

Possible change of Al alloys for matrix material:
(Some Al alloys have better thermal conductivity at high temperatures)

* Data from Procast database

Cu(Pure)
Al (Pure)

A201 (Al-Cu 4.5% Mg 0.28%)* = K at room temperature

@
A356 (Al-Si 7% -Mg 0.3%) K max

A319 (Al-Si 6% - Cu 3.5%)

) 1 | l l II

A390 (Al-Si 7% -Mg 0.3%)

0 50 100 150 200 250 300 350 400 450
Thermal Conductivity Km [W/mK]
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B Comparison of thermal conductivity (a-b plane) PGS Graphite Sheet: G 99.9 kmore

A \ | | | | | | | |
Diamond .f I ‘ I I I I I I | | I
PGS 10 um | esoWimi ) :
PGS 17 pm L I ! | : | | : 185|0 Wf{nl'pl() ] 8
I¢ 1600 Wi(m-K)
hoo um‘( | ‘ | — v\'ﬂ( K)l 0
1350 W/(m-
PGS 40 pm b ‘ I I I I :
PGS 50 um L 1500 Wi K] |
PGS 70 um [  TooWim& 1
PGS 100 pm|( 700 Wim-K) () -
L Thermal conductivity: 1) Thermal Transfer PGS Graphite Sheet PGS Graphite Sheet

Pure copper 2 to 5 times as high as copper,

- R Carrying heat EF ‘
. . Specific gravity: eat source B
Aluminum 1/10 to 1/4 that of copper Qan, 3 / h

PU, PA,
Graphics chip.eto)

Magnesium alloy Spreading heat
'(D Heat sink,
i Chassis,
Stainless sleel Chassis. .

Heat-conductive shest 0
S S S S S 2) Thermal Interface (LTI st sink

PGS Graphite Sheet

0 200 A00 600 800 1000 1200 1400 1600 1800 2000 Decreasing Contact Thermal resistance .
Spreading heat Heat sink —___
— +——Package
—Heat Source
i —1|

PGS Graphite Sheet/~, . .
+————Without PGS

Package—__ ’ With PGS

Surface temperature of Package

http://industrial.panasonic.com/ww/i_e/00000/led solution_e/led solution_e/pgs_e.html

This project has received
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Union's Seventh Framework
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technological development
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I Carbon based solutions as encapsulated material

Synthesis of Highly Conductive TPG*

Turbostratic PG Oriented TPG Graphite .
"as deposited” “heat treated” p ngh thermal
- Limited conductivity - ngh conductivity —> COndUCtIVIty
wtw MU f on a-b plane
i %’{ |
| Itl[l‘llui
I I slmage from Cheml5t and Ph sics of Carbon, Vol 9 '1!]73 < )

T L L

PG subject to
heat treatment

|!|! 171

Very low thermal

* Formed from methane via CVD . Addltlonal orderlng of 2-D structure COﬂdUCtiVity oncC
¢ Classic 2-D, hexagonally ordered crystal « ORDERED 3D crystal structure lane
structure « Phonon transfer (thermal conductivity) P
« 3rd dimension is DISORDERED dramatically enhanced
» Density 2.2 gm/cc o Lighter than Al - density 2.2 gm/cc
» Thermal conductivity 200-400 W/m-K « Thermal conductivity >1500 W/m-K
;ﬂgm&eﬂl&ﬁ © 2008 Momentive Performance Materials, CONFIDENTIAL
* TPG is trademark of Momentive Performance Materials, Inc
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T Casting ways able to produce MMCs with enhanced thermal conductivity

The potential strategies to join Carbon based
materials with Aluminum are the following:

1. Disperding Carbon based particles (i.e. Diamond)
inside Al-matrix:

1. Solid route: metal powder pressuring and
extruding

2. Liquid route: desperding directly diamond
powder in a liquid melt (high technical
complexities)

2. Co-casting a liquid metal matrix around
solid inserts (i.e. Pyrolytic Graphite) e
B
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Analytical/numerical approach for Al composite
embedding Gr/Diamond particles

Rbd

Formulation for the limiting case of spherical particles

* ko = particles thermal conductivity =~ ¢ kyn= matrix thermal conductivity

* a = radius of particle * § = Interface thickness

* f=volume fraction of particles. * Rbd = Interface Resistance between particles and matrix
The interfacial thermal property is concentrated on a surface Rpy = lim (6/K)

of zero thickness and characterized by the Kapitza radius ay ,f__’,%

were 3
A, = R K (ks = thermal conductivity
k Bd m of interface )
Effective Thermal Conductivity of the Particle Effective Thermal Conductivity of the Composite
(considering the interface resistance)
@ ko g K,(1+ 2a) + 2K, + 2f[K,(1 — a) — K,,,]
o — =
1+0;{ﬁ ™ K,(1+2a) + 2K,, — f[K,(1 — a) — Kp,]
m

Were o =ak/a dimensionless parameter
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Diamond input data

a, = R K Kp = 600|[W/mK]
" Kp(l + 2a) + 2K, — f[Kp (1-a)— K] o = ak /Cl a (radius)= 3E-05[m
f= 0.3
350
The effect of the interface thermal resistance
300 on the composite thermal conductivity can be

<
*
£
<
E 150 == (*C
~ \
100
50
0 T T T T T T T
1.E-15 1.E-13 1.E-11 1.E-09 1.E-07 1.E-05 1.E-03 1.E-01
R [(m7"2*K)/W]
@ S5y Technion & = ®
TECHNISCHE UNIVERSITAT ¥ 'Irse?:r:lil:tgi;meur JL @ NRU

CHEMNITZ

observed. It has been discovered that this effect
is always the same with the conductivity
showing an asymptotic behaviour both for low
and high thermal resistance with an inflection
point in the middle, that is, behaving as a
sigmoid curve.
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Fig. 6. Variation in composite conductivity with interface thermal conductance for a composite with V¢= 0.4, three different inclusion diameters (0.1, 1 and 10 pm) and three

Contents liste savasilable st ScienceDirect

Composites Science and Technoloosy

journal home page: www.slsevier.com/fAocate/compscitech

Predicting the thermal conductivity of composite materials
with imperfect interfaces

D. Marcos-Gomez2-*, . Ching-Lloyd ™, ML.E Elizalde®, W.]. Clegg®, .M. Molina-Aldareguia“©
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LFA 447 NanoFlash®

NETZSCH -

Sample Changer

Schematic of LFA 447 NanoFlash®
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Determination of thermophysical properties is quick, easy
and cost-effective with the new LFA 447 NanoFlash® Light
Flash System.

A Xenon flash lamp takes the place of the laser, which is
usually employed for this proven technique.

LFA 447 NanoFlash® - Technical Specifications (subject to change)
Temperature range: RT to 300 °C
Xenon-Flash-Lamp 10 J/pulse, (adjustable power)
Contactless measurement of temperature rise with IR detector
Measuring range: 0.01 mm?2/s to 1000 mm?2/s (thermal diffusivity)
Measuring range: < 0.1 W/mKto 2000 W/mK (thermal conductivity)
Sample dimensions: 10 mm ... 25.4 mm diameter (also 8x8 mm and
wos - 10X10 mm, square) 0.1 mm to 6 mm thickness

Sample support for 4 samples

Sample holder: metal
' Sample holder for liquids: aluminum / platinum

Atmospheres: air, static

MTX Scanning device for 50 mm x 50 mm samples (RT), local resolution

0.1 mm
This project has received
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Direct measurements of thermal conductivity

Diameter: 10 mm

Aluminium Alloy (A356) - Matrix _
Tickness: 2 mm

200 1.10
130 1.05
180
- 1.00
¥ 170 P
£ 160 l”'\% Z 095
2 =
P = 090
S 140 T 085
= | E —4— AL - Measured
B0 ——AL-M d & 0.80
- Measure : I
S 120 L & —— Al - Literature
—-AL Literature
110 0.75 — —a—Al-PROCast
Al - Procast
100 . , , 0.70
0 100 200 300 400 0 50 100 150 200 250 300 350

Temperature [°C] Temperature [°C]

K.C. Mills, Recommended values of thermophysical properties for selected commercial alloys, Woodhead
Publishing Limited, 2002, Cambridge
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Al — Diamond particles
Particles radius = 30 ym

Vol. fraction = 30 %

240

220

200

180

160

140

Conductivity [W/(m*K)]

120

100

TECHNISCHE UNIVERSITAT
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+17 % at room temperature
——AL
—@-AL - Diamond
0 50 100 150 200 250 300

Temperature [°C]
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1 l | Diameter: 10 mm
1 -~ Tickness: 2 mm
.,.:i,_.‘::::tzzzz ¥
p | By 1
120 1.40
. 1.00 &
< 80 z,,
= 0.80 =
£ 60 %
z - 0.60 T
= L
@ 40 pP— G
£ —-Diffusivity - 040 @
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20 —4—SpecificHeat - 0.20
[/ (g*K)]
0 : : : T . 0.00
50 100 150 200 250 300

Temperature [°C]

Infineon

This project has received
funding from the European
Union's Seventh Framework
Programme for research,
technological development
and demonstration under
grant agreement No B08978.



F DRANI]
1T )

Direct measurements of thermal conductivity
Diamond data inputs
Effective Thermal Conductivity of the Composite

Kp = 600|[W/mK]

K, (1+2a) + 2Ky, + 2f[K, (1 - a) — K ]| %k = RBaKim Kr(n =d' ) 351?5) [W/mK]
m a (radius)= -05[m
K,(1+2a) + 2K, — f[K,(1 — a) — Kp,] o — ak/a - —

350
220
300 e
§ 180
250 *—.—.—‘—.—.—\ £ 160
;ﬁ HT ——AL
205 5 \
200 ~@-AL - Diamond
100 T

Thermal Resistance (literature)*
Rbd =6E-08 [m3W°K]

4

Thermal Conductivity Calculated
K*¢ =205 [W/m°K]

k[W/(m*K)]

100

50

6E-08

0 T T T T T T
1.E-15 1.E-13 1.E-11 1.E-09 1.E-07 1.E-05 1.E-03 1.E-01

R[(m"2*K)/W] \ Thermal conductivity Measured
K*c =217 [W/m°K] (30°C)

*C-Wen Nan, R. Birringer Effective thermal conductivity of particulate composites with interfacial .
thermal resistance J. Appl Phys. 97 :
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Direct measurements of thermal conductivity

TPG*

(Kss)

9
8 \\
7 \
<
j‘g \
§ 5
i \\_N
=
v 3
=
e
& 2
o ——o— Conductivity
LT [W/(m*K)]
O T T T T T
0 50 100 150 200 250

TECHNISCHE UNIVERSITAT
CHEMNITZ

Temperature [°C]

—~

¥

Technion

Israel Institute of
Technology

300

] TTTEIl EEEESREEE 52850 B0 AS TR
' ‘ 1 ':5’5:‘5 ; lzlx:z:\‘.: EEEELEEEERLRERR
e m = s * 41 ¢ =R RE 4 <
- 88! i 111 R
LSS SEES -t +
4+ !
7 SSEEEREE
7 3 .
»7: b e
E 1 =
]
i
7
1
O IT R TR Sl AR AR VLA R
llllll'lrlllllllr}{lrf . 20 2 e 50 1 e |
- BT LT i B e T e |
TIILIIII'ILITITTIT L A R R L LR
PR R R FELEF R AR LELALLLLLE
MY Y NN
6 1.40
5 - 1.20
— - 1:00
2 4 .
o 59
< ~
= - 0.80 =
4
E 3 5
= - 060 T
= f=
Z =
£ —8- Diffusivity - 040 g
o [mmA2/s] n
. —4—Specific Heat - 0.20
*
[J/(g*K)]
0 . . . . } 0.00
0 50 100 150 200 250 300

Temperature [°C]

v

Infineon

This project has received
funding from the European
Union's Seventh Framework
Programme for research,
technological development
and demonstration under
grant agreement No B08978.



FEM modeling of AI-TPG specimen experiment:

Conditions of experiment and Properties of materials

Sarr:z:]eg'll"ct)tal Ltot 60 [mm]

Materials Properties for : Sample o | 11 | [mm
. Diameter

* Graphite (TPG) TPGLlenght | Ltpg | 60 | [mm]

e Aluminium A356 TPG Height a 2 | [mm]

TPG Width b 4.5 | [mm]

Condition of experiment to set as Boundary Conditions
Initial Temperature of Sample
‘ ~ Thermal insulation on
/ o / lateral cilindrical wall

Cooling So Heat Source
conditions / S e /
TPG insert . ‘

B 9 <

=
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FEM modeling AI-TPG specimen:

The insulation on lateral walls ‘i
allow to calculate the effective |
conductivity of the sample: AX

\AX

avg _ _poff AT g porr _Ja 0:0A0X _ g T
x L1 A¥ 1.1 A AT N\
N A
S
Data from Geometry : T,
* Distance between two different sections [m]

* Area of sample section A [m2]
Simulated Data :
* Average surface Temperature T [°K]

*Heat Q [W]
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Temperature distribution: effects of TPG/Al interface thermal resistance

Contour: 1emperature (x)

W Contour: Temperature ()
hirrzen A 772,95
14
772,64 14} 1256
120 1 1.96 7
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N 761.73 J3 | 76074
761,05 or 759.96
8 760.37 759.17
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759 1of 757.59
12 758.32 756.81
757.64 e 756.02
14 1
756.96 _—" 755.23
a6 . 756.28 754.44
0 B 10 15 20 P 30 35 a0 s 50 55 60 v 756.28 a6k i i i i i i i A B 753.65
o s 10 15 20 25 30 35 40 45 50 55 60 v 753.65
Surface: Temperature (K) Surface: Temperature (K) -
T A77315 16 A 77315
16
- 1/ 2 O O O
14 R e 772
— 7R 120 S q
15 —
w0t B
770
10 770
sl 1
8
" 768
6 768
4
af 766
2
2 766
764
3 o
764
2
o i 762
-4 *
762
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760 )
10 10 B
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L n L . 754
a4 16 L . L . . . I L . L L . L
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Ki,:1eff/TPG_AI ratio

P
600
Am 0.05 221.07

Atpg/Atot Ksim(R=1/100000)

— / 0.10 275.75
% 400 43064 0.20 430.64
=~
3 300 ~ 0.30 542.76
= / : —o—Ksim(1:100000) 0.40 672.32

200 221.07

100

0 T T T T 1
0.00 0.10 0.20 0.30 0.40 0.50

Atpg/Atot

TPG Height | 1.5 | [mm] | |TPG Height| 2 [[mm]| |TPG Height| 3 |[mm] TPG Height|3.55|[mm] TPG Height| 4.1 |[mm]
TPG Width [3.375| [mm] | | TPG Width | 4.5 |[mm]| | TPG Width |6.75|[mm] TPG Width |7.99|[mm] TPG Width (9.23|[mm]
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(Al—TPG) Ratio =0.1

300
280 120 1.40
260 - L
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5 160 + > o
= @ 40 PP G
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Thermal conductivity Al+TPG insert -
simulated/measured comparison

296 | Q\

280
270 IKm Ksim
260 = : [W/(m*K)]  [[W/(m*K)]
= —-25820 : 854 — 256.54 | [T=30°C 261.61] 277.29
* 250 T=60°C 258.20 270.31
E o 245.45 -
S 240 T=90°C 256.78 263.60
= - T=120°C 258.27 255.37
T=150°C 256.54 245 .45
220
== Km
210
—@—Ksim_(R=10"-5)
200
30 60 90 120 150
T[°C]
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LFA 447 NanoFlash®

Sample material 1:
Aluminum

Sample material 2:
Carbon based
material layer

Sample holder

—~ H
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Heat Resistance [m/"2°K/W]
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Conclusions

* FP7 THERMACO Project is aimed at provide manufacturing technologies for extremely efficient solutions in
heat evacuation based on Aluminium Metal Matrix Composites (Al-MMC) with Carbon-based thermal highway
inserts. The potential applications field of these new composites will targeted to heat evacuation applications in
critical fields such as power micro-electronics, e-mobility and (renewable) energy generation as well as highest
performance combustion engines.

» Metal process techniques to embed carbon based inserts inside an Aluminum matrix have been adopted
producing two different kind of high conductive composites (Al-Diamond particles and Al -TPG inserts)

» The thermal conductivity of the Al matrix has been increased up to 17% in Al-Diamond and about 45% in Al-
TPG composite

* The dependence of composite conductivity from the interface thermal resistance between Al matrix and
carbon insert was investigated and measured.
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*  FURTHER INFORMATION:
http://www.thermaco.eu
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