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Microwave absorbers – 0.3-300 GHz
 There is a great deal of interest in microwave (MW) absorbing 

materials, for EMI shielding and military/ stealth technology as 
radar absorbing materials (RAM) at GHz frequencies

Stealth aircraft, ships & vehicles 
with RAM material incorporated

Blocking of 

EMI shielding for 
testing, standards, 

security & health 
applications

Blocking of 
radar & 
military 
comms



The X-Band (8-12 GHz) of Great Interest
 X-band (wavelength ~2.5-3.7 cm) is used for military radar and 

communications, some commercial and civil wireless and 
satellite communications, motion sensors and speed detection



Carbon (graphite) is a well known GHz / 
MW Absorbing Material

 Has been used as powder (carbon black, charcoal), carbon 
fibre, carbon nanotubes (CNTs) and graphene

 Carbon powder used in commercial absorbing materials, 
usually in composites with densities of ≥ 1 g cm-3

PMMA composite with 7 wt% 
CNTs added, d = 1.2 g cm-3

Pande et al, DOI 10.1007/s11671-008-9246-x

Carbon fibre/CNT/Ni powder 
composites, d = ~0.9 g cm-3

Liu et al, DOI 10.1016/j.carbon.2013.11.027



Specific Shielding Effectiveness, SSE
 Most papers talk of Shielding Effectiveness, SE, in dB – a value 

greater than -30 dB is generally considered to be very good

 However, another useful value is Specific Shielding 
Effectiveness, SSE, in dB g-1 cm3, considering the density

 This is very important if lightweight materials are required, e.g. 
stealth coatings for aircraft or vehicles, or portable equipment

Cork would seem an obvious Cork would seem an obvious 
choice of material 

Made of 20 mm wide 
hexagonal cells, a very light 
material, d = ~0.24 g cm-3

Can be pyrolysed to form 
carbon

BUT LITTLE WORK ON CORK



Cork is the Bark of a Slow Growing Oak Cork is the Bark of a Slow Growing Oak 
((QuercusQuercus SuberSuber) from the Mediterranean) from the Mediterranean

50% of all cork comes from Portugal

Bark is harvested every 9-13 years, but tree lives 
on unharmed as carbon sink for >200 years



Cork is a Renewable Resource,Cork is a Renewable Resource,
with a Natural 3with a Natural 3--DOM MicrostructureDOM Microstructure

~50,000 t per year of 
waste cork powder & 
granules are generated 
by the cork industry –
currently most is burnt 
to generate energy

Wine Corks

a) Hexagonal 
Radial 

section

b) Rectangular
Tangential 

or Axial 
section



We Valorise Waste Cork Products

 Powder called MF5, made by Amorim in Portugal, as well as Powder called MF5, made by Amorim in Portugal, as well as 
waste cork discs, winestoppers, granules and other wasteswaste cork discs, winestoppers, granules and other wastes

 MF5 = 300MF5 = 300--500 500 mmm particles, but bulk density much less than m particles, but bulk density much less than 
cork wood, at 0.05cork wood, at 0.05--0.07 g cm0.07 g cm--33



We also used samples of Solid Cork from 
Recycled Cork Wine Stoppers

 Before Before pyrolysis, pyrolysis, dd ~0.16 ~0.16 g cmg cm--33, lower than 0.24 of fresh bark, lower than 0.24 of fresh bark

 Solid cork expands during pyrolysis. Afterwards,Solid cork expands during pyrolysis. Afterwards, volume volume = 134 = 134 
%, weight = 28 %, weight = 28 %, %, dd ~0.034 g cm~0.034 g cm--33, similar to the powder, similar to the powder

We also 
pyrolysed 

cork sheets



Pyrolysed Cork  Biomimetic Carbon
 Graphite furnace at 900 ºC in Ar or NGraphite furnace at 900 ºC in Ar or N22 cork cork  carboncarbon

 The pyrolysed cork loses >70% weight, but maintains the same The pyrolysed cork loses >70% weight, but maintains the same 
cellular microstructure as the original cork, but thinner wallscellular microstructure as the original cork, but thinner walls

In the pyrolysed cork, In the pyrolysed cork, 
structure still like cork, but structure still like cork, but 
made of pure carbon, and made of pure carbon, and made of pure carbon, and made of pure carbon, and 

is nanoporousis nanoporous
>70wt% loss

Pyrolysed at 
900 ºC

WoodWood CarbonCarbon

This means it is 
much lighter – d
now 0.031 g cm-3, 
1/8 of cork wood, & 
½ that of  the MF5 
cork waste powder



TGA/DSC of Cork Pyrolysis in N2

Water loss below 100 ºC, then volatile organics at 200-250 ºC, 
and suberin, etc., at 550-600 ºC – no further weight loss

Even in air, cork can withstand >500 ºC before losing structure



SEM Images of Pyrolysed Waste Cork 
Powder (pure carbon, d = 0.03 g cm-3)



Shielding Measurements in the XShielding Measurements in the X--BandBand
• The studies were done in a vector network analyser using 

the wave guide method. SER, SEA and SET (= R+A, Reflection 
+ Absorption) were calculated

• Solid Cork samples were made into a rectangular shape of 
10.1 x 22.86 mm, with varying thickness, through grinding 
using sand-coated polishing paper. Samples with thicknesses 
of 3, 5, 7 and 8.6 mm were preparedof 3, 5, 7 and 8.6 mm were prepared

• Cork Powder samples were suspended in paraffin wax in the 
ratio (powder to wax) of 1:4 by mass. The composite was 
then hot pressed to form 10.1 x 22.86 mm rectangles

• SSE (Specific Shielding Effectiveness) calculated from density

• For comparison, we also measured un-pyrolysed cork 
samples



MW Measurements of Un-Pyrolysed Cork

We did not 
expect the un-
pyrolysed cork 

to be very 
good, and 
indeed this 

Cork powder 
Thickness(mm) SER (dB) SEA (dB) SET (dB) 

1.78 0.1-1.2 0.01-0.3 0.2-1.3 
 
Finely powdered cork (>100 mm) 

Thickness(mm) SER (dB) SEA (dB) SET (dB) 
1.60 0.1-1.1 0.01-0.2 0.1-1.2 

 
Solid cork A 

Thickness(mm) SER (dB) SEA (dB) SET (dB) 
5.7 0.1-0.8 0.01-0.4 0.1-1.1 indeed this 

proved to be 
the case

All had very 
poor SE 

throughout the 
X-band

5.7 0.1-0.8 0.01-0.4 0.1-1.1 
 
Solid cork B 

Thickness(mm) SER (dB) SEA (dB) SET (dB) 
5.9 0.1-0.8 0.01-0.4 0.1-1.1 

 
Flat cork sheet 

Thickness(mm) SER (dB) SEA (dB) SET (dB) 
5.75 0.1-0.2 0.2-0.3 0.3-0.6 

 
Partially combusted cork 

Thickness(mm) SER (dB) SEA (dB) SET (dB) 
8.05 0.01-0.7 0.01-0.2 0.01-0.8 

 



X-Band MW Measurements of Pyrolysed 
Cork Powder in Wax Composite

• The pyrolysed cork waste powder is VERY fine and light, and 
had to be mixed in a composite to be handled and measured

 
Thickness(mm) SER (dB) SEA (dB) SET (dB) 

1.65 3.0-7.9 8.9-11.6 14.4-18.1 

Density of the wax composite is Density of the wax composite is 
0.946 g cm-3

Not very high SE values, but this 
composite is only 20% pyrolysed 
cork – the rest is wax

In all these samples, SER
contributes much less than SEA
to the total SET



X-Band MW Measurements of Pyrolysed 
Solid Cork of Various Thicknesses

Values increase with 
thickness, to over -30 
dB for 7 & 8.6 mm

Not surprisingly, 
we can see that 
it is the 
absorption SE

 Thickness(mm) SER (dB) SEA (dB) SET (dB) 
2.96 3.7-8.7 12.3-17.7 19.8-23.3 
4.98 3.8-8.5 14.1-18.5 20.4-24.5 
6.95 3.8-7.4 22.9-27.7 28.5-32.7 
8.6 3.9-7.6 27.5-34.0 34.0-38.3 

absorption SEA
which increases 
with thickness

The reflectance 
SER remains 
constant, as the 
surface micro-
structure is 
constant



What is REALLY Exciting is the SSE

As pyrolysed cork is so 
light (0.03 g cm-3), 
SSE is VERY HIGH

 
 

Pyrolysed Solid 
Cork  

Thickness (mm) SET (dB) Density (g cm-3) SSE (dB g-1 cm3) 
2.96 19.8-23.3  

 
0.031 

638.7-751.6 

4.98 20.4-24.5 658.0-790.3 

6.95 28.5-32.7 919.4-1054.8 

8.6 34.0-38.3 1096.8-1235.5 

 

cm
3 )

1200 dB g-1 cm3 is the 
highest reported SSE

These are solid 
pyrolysed cork, so no 
polymer binder or 
composite to increase 
density of material

Sustainable material!

SS
E 

(d
B 

g-
1

cm



Cork structure enhances MW absorption 
due to internal reflection within the cells



How does this compare to Carbon Foams
Using GRAFOAM® FPA-20 and GRAFOAM® FPA 10, 1-4 mm high

Foam densities = 0.324 & 0.166 g cm-3, cells are 100’s of mm
1 & 4mm = GRAFOAM FPA-20, 
2 mm = GRAFOAM FPA-10

SSE values ~125-155 g-1 cm3

for 4 mm GRAFOAM           
FPA-20, ~195-250                   FPA-20, ~195-250                   
g-1 cm3 for 2 mm            
GRAFOAM FPA-10

Only 1-4 GHz



Compared to PF/CNT/Fe3O4 Foams
Carbonised phenolic foam/2 wt% MWCNT/1-7 wt% Fe3O4 foam 
composites, d = 0.103-0.130 g cm-3, PF foam SSE ~ 120 g-1 cm3

CNTs only:

SSE with 1 
wt% CNT 
~184 g-1

cm3, for 5 cm , for 5 
wt% CNTs 
SSE ~330  
g-1 cm3

10.1016/j.carbon.2016.03.055



Compared to PF/CNT/Fe3O4 Foams
PF/2wt% MWCNT/1-7 wt% Fe3O4 foams, d = 0.121-0.130 g cm-3

SSE with 1 
wt% Fe3O4
~315 g-1 cm3, 
for 7 wt% 

Left: thickness effect; Right: all 3 mm thick 

for 7 wt% 
Fe3O4 SSE 
~517 g-1 cm3

10.1016/j.carbon.2016.03.055



Conclusions: We have made MW 
Absorbers with the Highest Reported SSE values 

in the X-Band from Pyrolysed Waste Cork
Material Density (g cm-3)     SSE (-dB g-1 cm3)  F (GHz)

3 mm pyrolysed cork 0.031 660-780 8-12

7 mm pyrolysed cork 0.031 950-1055 8-12

8.6 mm pyrolysed cork 0.031 1100-1235 8-128.6 mm pyrolysed cork 0.031 1100-1235 8-12

3 mm PF/2% CNT 0.127 ~315 8-12 
/1% Fe3O4

5 mm PF/2% CNT 0.127 ~555 8-12 
/7% Fe3O4

3 mm PF/5% CNT 0.106 ~330 8-12

3 mm carbon PF foam 0.104 ~120 8-12

2 mm GF FPA-10 0.166 195-250 1-4
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Our other work on pyrolysed cork materials with incredibly high 
surface areas = 1670 m2 g-1
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