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Why composite materials?

e To fill gaps in
material-property
space

* To obtain
combination of
properties not
available with
"simple" materials
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Why composite materials?

e New combination of interesting mechanical
properties
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Why composite materials?

e New combination of interesting mechanical

properties

Improved stiffness
compared to
conventional Al
alloys

Choice of materials?

e Beis stiffer and lighter
than Al

* Al,O; is stiffer but
heavier than Al
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Why composite materials?

e New combination of interesting mechanical
properties
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Why composite materials?

One can be imaginative!

e Combine high thermal conductivity and low thermal
expansion

* Enhance wear resistance

e Design functional materials
— Self-lubricating
— Self-cleaning
— Self-healing
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Case study |

Material for electronic packaging



Electronic packaging and heat sink

[Wikipedia: Fir0002/Flagstaffotos]
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Electronic packaging

Silicon chips «— Very low thermal expansion

J«— Package material

Load (internal pressure)

[S.Ryelandt et al., Euromat 2005]

Thermal expansion a

close to a

silicon
High thermal
conductivity (A)

For portable
applications:
low density (p)
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Materials for electronic packaging

Thermal expansion a close

to a.on = SIC

High thermal conductivity

(A) = Al

For portable applications:

low density (p) = Al

Al-SiC composites?
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[S.Ryelandt et al., Euromat 2005]
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Materials for electronic packaging

e Al + SiC particulates Iy
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Materials for electronic packaging

e Al + another metallic material with low a?
= Invar (Fe-Ni or Fe-Co-Cr alloys)

[http://images-of-elements.com/other.php] 0
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[Borvan53 (Own work) [Public domain],
via Wikimedia Commons]

15



Anisotropy is desirable!

e Thermal expansion a close to
7] asilicon (m plane)

Vs e High thermal conductivity (A)
= o (in transverse direction)

Silicon chips kAIVery low thermal expansi0n|

S N W
VATV
\

“ oad (internal pressure)

* For portable applications:
low density (p)

<+— Package material

[S.Ryelandt et al., Euromat 2005]
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Anisotropic Al-invar composite

Invar

o . .
(Fe-Co-Cralloys) Al Al - 20 % stainless invar

e Thermal expansion a close to

Usilicon (in plane)
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A= 206 WmK?
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Anisotropic Al-invar composite

Invar

o . .
(Fe-Co-Cralloys) Al Al - 20 % stainless invar

e Thermal expansion a close to

Usilicon (in plane)

 High thermal conductivity:
A= 206 WmK?
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Al-invar composites

) | ..
High conductivity
low strength

Aluminium
alloys

High strength —
low conductivity

\
@% <« Mo
[ | |
10 20 30 40

Thermal expansion « (106 K1)

[Ryelandt, Mertens & Delannay, Mater. Des. 2015]
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Case study Il

Enhanced wear resistance



Ni+SiC composite coatings

Electro-deposition of Ni + (nano-particles) of SiC

Composite coating gives better coverage

[Lekka et al., Electrochim. Acta 2005]
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Ni+SiC composite coatings

Electro-deposition of Ni + (nano-particles) of SiC

Table 3

Surface roughness Ra and HV,, ; mean values. [Lekka et al., Surf. Coat. Technol. 2012]
Deposit Ra (um) HVo.3
Pure Ni 1.32+0.2 162+ 2
Ni/pSiC 1.97 £0.2 245+ 5
Ni/nSiC 1.33+0.3 270+ 9

square based —
pyramidal indenter

Hardness 1

1 impression

sample —
(a) Vickers indentation (b) measurement of impression
diagonals

[http://www.twi-global.com/technical-knowledge/job-
knowledge/hardness-testing-part-1-074/]
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Ni+SiC composite coatings

Electro-deposition of Ni + (nano-particles) of SiC

a Room Temperature At 300°C
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Ni+SiC composite coatings

Electro-deposition of Ni + (nano-particles) of SiC
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[Narasimman et al., Wear 2012]
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Case study Il

Functional materials



c/C,

Self-cleaning materials

Electro-deposition of Ni + nano-particles of TiO,

1.00 {L o) o) o) o)
Uv (350 nm) —O— pure nickel
0.98 B 6.9 vol.% TiO,
: 6.5 vol.% TiO,
0.96 6.9 vol.% TiO
9.6 vol.% TiO,
0.94 -
P.O.
0.92 m [211]
0.90 - ‘7 e [100]
e [110]
0.88 — B
v [110]
0-86 L l T I L] ' L ' L 'l T l
0 50 100 150 200 250 300

Time / min

[Spanou et al., Electrochim. Acta 2013]

Under UV light, TiO, causes
photocatalytic degradation
of pollutants

Efficiency of "self- cleaning'
depends on

e volume fraction of TiO,
e structure of Ni matrix

28



Self-lubricating materials

e Lubrication is important in decreasing friction
and wear e.g. during machining or sliding contact

e At high temperature, conventional liquid
lubricants (oil, ...) do not work

* Dry lubricants that are stable at high
temperatures offer alternatives
— graphite
— boron nitride (BN)
— molybdenum di-sulfide (MoS,)



Self-lubricating materials

Dry lubricants are included in the bearing material
(stainless steel 316L) and then released progressively

a

Friction Coefficient (p)

[Mahathanabodee et al., Wear 2014]
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Self-lubricating materials

Dry lubricants are included in the bearing material
(stainless steel 316L) and then released progressively

a 1.4
I
0.1 m/s 0.2 m/s
15 | B316L I
“ 1 mMoS2 | ..
= @ h-BN-MoS2 Friction may |
<~ 1.0 4{ Eh-BN o |
= - B :
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= g
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316L 10 15 207 316L 10 15 20

Lubricant content (vol%) Lubricant content (vol%)

[Mahathanabodee et al., Wear 2014] 31



Self-healing materials

 Healing agents/capsules (e.g. with low melting
temperature) are dispersed in the material

e After service, the material is heat treated to release
the healmg agent where it is needed

Al

+ Pb-Sn i ' Healing
“§ solder '

[Ferguson et al., JOM 2014]

e Self healing developed 1st for polymers

* Very early stage for metals! 3
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Processing of MMCs

A problem of interface engineering!



Role of interface!

Tension Tension Compression

R S S R A A
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00° ©5° 050 @
Pv v T4+ tt
Transverse to fibers, Plastic Decohesion Decohesion
particulate composite  constraint

(b)

[M.F. Ashby, Materials selection in mechanical design]

When using composites,
designers generally make
the assumption of fully
dense, strongly bonded
composites

—> Optimal load-transfer
between matrix and
reinforcement
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Processing?

... but obtaining fully dense, strongly bonded
composites is not trivial!

Especially by liquid (molten) state processing

LIQUID STATE PROCESSING
of metal matrix composites

Preform manufacture
(powder, short or endless fibers)
|

Stirring dicontinuous

. . Stirring continuous i i "
reinforcementin | >0 ; _ Medium pressure Pressure cast technique: Chemical
liquid-solid matrix ’e'”'or;ime“fts n infiltration of particle {mechanical pressure) infiltration
(Rheocasting) R or fiber preforms partial reinforcement
Gas pressure :
e - Dalicle reinforced infitration . squeE casiing
emeiting by pre-alloy in autoclave
> e
terl:lcé)lg?al:tsjre I Gas pressure Indi
Continuous infiltration analogue low ndirect

Thixo forming casting pin pressure castinfiltration squeeze casting

(forging,

pressure |

casting) || Continuous Vacugr;sg;(;ssure

Extrudin infitrati
g gas infitration (Vacural)
Pressure Gravity die
~ casting casting or ] Lorentz force Conventional
liquid forging || sandcasting . L infiltration pressure casting with
Forging control adjustment
Long make
profiles
y A y 4

NEAR NET SHAPES

[K.U. Kainer, Basics of metal matrix composites, 2006]
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Processing must be optimized!

Example of liquid (molten) state processing:

squeeze casting

N\

N\

%

;;;;;;;;;;;;;;;;
"y

V/////////

.,
BN

@ Deposition of preform in die @ Casting of liquid alloy

N7
@ Apphe?&lgw 5ressure

[F. Boland et al., MMTA, 1998]

Casting temperature T,
Mass of liquid m,
Preform Die temperature T,

Fast solidification may
result in poor infiltration
and porosities

Mg a||0y + C fibres composites
[A. Mertens, 2007] 37



Processing must be optimized!

Interfacial reactions between matrix and reinforcement
may

— degrade the reinforcement

— result in undesirable (brittle) reaction products

Brittle intermetallics formed by In extreme cases, fibres may be
reaction between Al matrix and completely consumed!
inconel fibres

= e

(a) A1-20In/750°C/250°C/400g 100 pm

() Al-20In/thin/850°C/400°C/400g S5O pm

[F. Boland et al., MMTA, 1998]
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Processing must be optimized!

Interfacial reactions between matrix and reinforcement

may

— A small amount of reaction may sometimes be beneficial

Mg + AL, O, fibres

[K.U. Kainer, Basics of metal matrix composites, 2006]

—

Contribution of the fibers
to the strength of the composite

adhesive forces cohesive forces

\

\ I
\ fiber strength

bonding strength

—__——
-—
-
-

failure at
the interface 1  failure by
fiber/matrix :fracture of fiber

Interface reaction —»
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Summary

e Composites allow to fill gaps in the material-property
space and obtain new combination of properties
— enhance mechanical properties (stiffness, wear resistance...)

— obtain specific combination of thermophysic properties
e.g.: material for electronic packaging

— Functional materials (self-cleaning, self-lubricating, self-
healing...)
 Warning: processing must be optimized to guarantee
the desired properties

— in metal matrix composites, quality of interface may be
affected by reactions between the matrix and reinforcement



