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Processable composites of single-walled carbon nanotubes (SWNTSs) with soluble cross-linked polyurethane
(SCPU) were prepared at various loadings of SWNTs2D wt %), and they exhibited strong microwave
absorption in the microwave range of-28 GHz. For example, 5 wt % loading SWNTs/SCPU composite

has a strong absorbing peak at 8.8 GHz and achieves a maximum absorbing value of 22 dB. The absorbing
peak position moves to lower frequencies with increasing SWNT loading. Theoretical simulation for the
microwave absorption using the transmission line theory agrees well with the experimental results.
The microwave absorption of these composites can be mainly attributed to the dielectric loss rather than
magnetic loss.

1. Introduction posites is expected to be altogether different. We were therefore
motivated to study the EM-absorbing properties and applications

for many expanded electromagnetic interference (EMI) shielding for SWNT composite materials and_found that Fhese composites
showed strong microwave-absorbing properties and could be

and radar cross section (RCS) reduction applications with both . L .
commercial and defense purposes. Consumer electronics, comysed as ra_dar-absprblng materials in a wide frequency range.
puters, wireless LAN devices, wireless antenna systems, and Polymepc matgnals have been Iarggly used asa ”.‘a‘”?‘ for
cellular phone systems are just a few device applications that Eé\f'lostudlﬁz g%{};i"ﬁgleci‘é‘;in"; theF|)rUeasy 'ftabn(;atu()en |.rr1]to
require these materials. Generally, magnetic or metal particles\; d Iaﬁfa Ses ps C'h as eyucellent rie(chafl)éa\lm ropeft'sesSSI go d
are used for the microwave absorption materials. However, high av ges su S excerent v ; properties, g
specific gravity and difficult formulation have limited their blocompa}tlblllty, design fle.X|b|.I|ty, light weight, gnd low cost,
practical applications. Thus, there remains a need for an efﬁcientzgzggt;\"iem;azgrengfog?gs“%ggnzx?niglgs l(jgl?ztli:gsihaedztasia/fes'
microwave- rbing material that is relatively lightweigh . o ’
crowave-absorbing material that is relatively lightweight, electric and heat properties of PU and MWNTSs, Koerner et al.

structurally sound and flexible, and efficient in absorption in a recently prepared a remotel tuated stress-recovery material
wide band range. The nanostructured materials have attraction ecently prepared a remotely actuated stress-recovery materia

: o . - - with over 50% recovery stre3s.
for microwave radiation absorbing and shielding materials in ' ; S 26
the high-frequency range due to their many unique chemical In our previous studie®;?5we have found that SWNTs/epoxy

and physical propertigs? Particularly, the unique structure and composites show excellent EMI shielding effectiveness and

many excellent properties of carbon nanotubes (CNTS), includ- could be used as an effective lightweight EMI shielding material

ing single-walled and multiwalled carbon nanotubes (SWNTs fglr_lus:zs such as motbtlr:e ?hc:ne s;lltsterfns .that operaLeAn]a?r
and MWNTs) have prompted intensive studies for many Z. Here, we report the Tirst results ol microwave absorption

potential engineering,’including EMI shielding, applicationd-17 studies of the SWN Fspolymer composites using a soluble

Recent studies have demonstrated that MWNTs show Strongcross-linked polyurethane (SCPUps the matrjx. The reason .
microwave absorption with a matrix of polyethylene tereph- we chqse SCPUis to haye both better processing "’?”d mechanlcal
thalate (PETY and poly(ureaurethane) (P&¥and multilayered properties for the potential future commercial applications. The
radar-absorbing structures of MWNT-filled composites have new soluble SCPU, madfa by a mainly |r_1tramolecu_lar Cross-
been designed for the X-band range (812.4 GHz)!® The Ilnklng step, could be easily processed using a solution or hot-
electrical properties of small diameter SWNTs are distinctly pressing proces¥.

different from their larger diameter MWNT counterparts due
to their smaller diameters and larger aspect ratios. Thus, per
unit wt % added to the polymer matrix, the nature of the EM-  2.1. Materials. SWNTSs were prepared in our laboratory with
absorbing properties of MWNT and SWNTF-polymer com- a modified arcing method at large scale using Ni/Y as catafyst.
N,N-Dimethylformamide (DMF) was dried under molecular

Microwave-absorbing materials are currently in high demand

2. Experimental Section

* To whom correspondence should be addressed. Fe86 (22) 2350- sieves (4A) and distilled under reduced pressure. Hydroxy-

Osﬁ%oﬁg’é-e +§6C(ﬁgr)m253;:1yg-’$\2‘z%2ké:£bmn?\lllgrg@:hengg@nanka|.edu.cn. terminated polybutadine (HTPB) (hydroxyl number, 0.767
¥ College of Physics, l\iankai University. mmol/g_; My, 2600) was usec_i as purchased (Zibo Qilong Chem
8 Chinese Academy of Sciences. Co, China). All other materials were used as purchased.
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2.2. Preparation of SWNTs/SCPU CompositesCross-
linked PUs have better mechanical properties and are in high
demand for many applications, but conventional cross-linked

PUs are insoluble and hard to process. In view of recent progress

making soluble SCPU, a new soluble SCPU with a diol soft
segment was synthesized similarly using a literature méthod
for our SWNT composites. The SWNTs/SCPU composite with
5 wt % SWNTs was fabricated as follows. To a dried round-
bottom flask with melted diphenylmethane diisocyanate (MDI)
(12.76 g, 0.051 mmol) was added dropwise HTPB (66.4 g, 0.026
mmol) with stirring at 60°C, and the mixture was stirred further
for 1 h at 60°C. A volume of 30 mL of DMF was then added
to dilute the rather sticky mixture to generate a diluted
homogeneous solution, and 1.606 g (0.018 mmol) of 1,4-
butadiol (BD) was added dropwise with stirring. The mixture
was stirred at 60C for 1 h, and then the temperature was kept
at 80°C for 2 h. During ths 3 h period, 306500 mL DMF/
toluene (vol ratio: 1/4) mixed solvent was added gradually to
reduce the viscosity of the mixture. In order to complete the
cross-linking reaction, the temperature was raised to®and
kept for 2 h. Then the dispersed suspension with 4.25 g SWNTs
in DMF/toluene (1/4, 100 mL) was added gradually into above
SCPU DMF/toluene solution with stirring to yield a homoge-
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Figure 1. log dc conductivity §) vs mass fractionf) of SWNTs/
SCPU composites measured at room temperature. Inset:ldgglot

of o vs ((p — pc)/pc) for the same composites. The straight line in the
inset is a least-squares fit to the data around the percolation point using
eq 1, returning the best-fit values pf = 3.4% ands = 4.7.

1E-13b—L—

neous composite solution/suspension and then poured into a

container with size of 180 mnx 180 mmx 150 mm. After
almost all solvent was evaporated at 90, the film was
vacuum-dried at 120C for 24 h and then pealed off. A hot
pressure process at 1¥BcC and 15 MPa using the same mold
of 180 mmx 180 mmx 2 mm was then applied to get a smooth
flat sheet for the following measurements. SWNTs/SCPU
composites with other loading from 0.01% to 25% were
fabricated in the similar process. The molar ratio of HTPB/
MDI/BD was 1/2/0.7 for all composites. A control sample was
also made in the same way without SWNTs for compar-
ison.

2.3. Instruments and MeasurementsThe scanning electron
microscopy (SEM) images were obtained using a Hitachi
S-3500N scanning electron microscope. The dc electrical
conductivity of the SWNTs/epoxy composites was determined
using the standard four-point contact method on rectangular
sample slabs in order to eliminate contact-resistance effects. Dat
were collected with a Keithley SCS 4200. The relative complex
permittivity e = €' — je'" and relative complex permeability
=u' — ju'" were determined using thER coaxial line method
in the range of 218 GHz with an O-ring shaped sample (i.d.
= 3 mm and o.d.= 7 mm, thickness= 2 mm) using an
HP8722ES vector network analyzer. The microwave-absorbing

characteristics were evaluated by measuring the reflection loss

using an HP8757E scalar quantity network analyzer in the®
GHz band range, and the sample sheets (18080 mmx

2 mm) were mounted onto an aluminum substrate. All the
measurements were performed at room temperature.

3. Results and Discussion

3.1. Conductivity of SWNTs/SCPU Compositeskigure 1
shows the dc conductivitys] of SWNTs/SCPU composites as
a function of SWNTs mass fractiop)(in a logarithmic scale.

It can be seen that the conductivity displays a dramatic increase

below 5 wt %, indicating the formation of a percolating network.
The inset in Figure 1 shows that the electrical conductivity obeys
the power law?®

cOw—v) (1)

whereo is the conductivityy is the volume fractiony is the
percolation threshold, an@lis the critical exponent. Since the
densities of the polymer and the SWNTs are very similar, we
assume that the mass fractiprand the volume fractiom of

the SWNTSs are almost the same. As shown in the inset in Figure
1 for the log@) versus log( — pc)/pc) plot, the conductivity

of SWNTs/SCPU composite agrees very well with the percola-
tion behavior predicted by eq 1. Although computer models of
conductivity percolation give a critical exponent value of 1.5
for a rigid rod networké® various values from 1.3 to 5.3 have
been reported for different CNIpolymer composite’t14-3ln

our case, the straight line in the Figure 1 with percolation
thresholdp. = 3.4% and critical exponent = 4.7 gives an
excellent fit to the data around the percolation threshold with a
correlation factor of 0.97.

A percolation threshold of 3.4% is rather low compared with
hat of the three-dimensional (3D) percolation system composites
169%)26 This can be attributed to the large aspect ratio of one-

dimensional SWNTs compared to spheres (3D). However, such
a percolation threshold of 3.4% is relatively higher compared
with some CNT-related wofk-32and much higher than that in
our recent work! with epoxy as matrix (the. is 0.06%). From

the SEM pictures in Figure 2 it can also be confirmed that the
SWNTs were inhomogenously dispersed in SCPU matrix, in
which SWNTs still aggregated to form large bundles. But it
should also be pointed that both the®i3?-23and experimentét
results for the percolation threshold: are in a wide range,
depending on the filler's aspect ratio, processing methods, matrix
and etc. The percolation value of 3.4% in our case is reasonable
if our experimental details in the sample preparation process
are considered: a viscous polymer solution where SWNTs were
added and a slow drying process due to the high boiling point
solvent DMF.

3.2. Microwave Absorption Properties of the SWNTs/
SCPU Composites.The radar-absorbing ability for the com-
posite was evaluated by measuring the reflection loss on an
HP8757E scalar quantity network analyzer. During the measure-
ment the sample sheet with a size of 180 mmM.80 mmx 2
mm was put on an aluminum substrate having the same
dimension as the sample. A schematic representation of the
measurement of wave-absorbing ability is shown in Figure 3.
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Figure 4. Reflection loss of SWNTs/SCPU composites of different
loadings vs frequency.

Figure 2. Typical SEM image of the SWNTs/SCPU composite with

20 wt % loading. maximum value of 21.9 dB at the loading of 5 wt %. But with
o ) further increasing SWNT loading, the wave-absorbing ability
— incident microwave decreases. We argue that further increase of SWNT loading

(after 5 wt %) could cause more reflection due to the shorter
distance of resonance multipoles with more SWNTSs lodded.
Also, it is clearly seen that the peak position moves to lower
frequencies with increasing SWNT concentrations. For example,
the strong absorption ranges0 dB, e.g., over 90% microwave
absorption) are 648.2, 7.5-10.1, and 12.615.1 GHz, for

10, 5, and 2 wt % loading, respectively. Similar phenomenon

N has been found for the composites of MWNT and other

S nanoscale material composite’$ These results are of impor-

- tance since the absorption peak frequency ranges of the SWNT
composites can be tuned easily by changing the SWNT
concentrations in the matrix, and thus a broad-band absorption
. design could be achieved using a multilayered absorbing

Aluminum sheet structure!® The microwave absorption of these SWNT com-
Figure 3. Schematic representation for the mechanism of the measure-posites is considerably better than that of MWNTs/ep&3d?,
ment of microwave absorption ability. Black arrows represent the and comparable with that of MWNT/PET composteshere

incident microwave; the red arrows represent the reflected microwave. . .
By measuring the intensity of the reflected microwave, we can evaluate MWNTs were prepared by CVD method using Fedd

the wave-absorbing ability of the composite. A weak reflected signal catalyst. Also, it is worth noting that the radar absorption is
indicates a good wave-absorbing ability. even better than that of iron fiber/epoxy composite with 20 vol

% iron fiber3®
The composite sheet is placed on an aluminum substrate. The 3.3. Radar Absorption Mechanism and Theoretical Simu-
incident microwave is divided into two parts in our experi- lation. Attenuation of microwave energy may occur due to either
ment: the reflected microwave and the absorbed one;, lis the dielectric loss or/and magnetic loss. According to transmis-
the incident power density at a measuring point before absorp-sion line theory?” when the electromagnetic wave transmits
tion, andPr is the reflected power density at the same measuring through a medium, the reflectivity is affected by many factors
point, P4 is the absorbed power by the composite, we can get such as permittivity, permeability, sample thickness, and

electromagnetic wave frequency. In order to better understand

— » reflected microwave

|
|
: composite
v sheet

P, =Pr+ P, @) the microwave absorption results and investigate the intrinsic
reasons for the absorption, we independently measured the
R =10 logP4/P, ©) relative complex permittivity and permeability of the SWNT/
n

SCPU composites using thiéR coaxial line method as described
in the Experimental Section. The permittivity results are shown
in Figure 5. It is clearly seen that both the real and imaginary
parts of the permittivity increase significantly with increasing
whereR andA are the reflection loss and the absorption loss in SWNT loading, which is consistent with the results of other
decibels (dB), respectively. Here the microwave-absorbing studies for SWNT-38and MWNT!3.14.16.17.3942 composites. But
efficiency can be evaluated froR The larger the absolute value  compared with the much increased complex permittivity, the
of Ris, the stronger the wave-absorbing ability will be. complex permeability (not shown) of the composites is almost
Figure 4 shows the experimental results of the reflection loss the same as that of pure SCPU sample, indicating no (minor)
versus frequency for SWNTsS/SCPU composites with the magnetic loss contribution from SWNT samples to the micro-
increase of SWNTSs loading from 1 to 25 wt % in the range of wave absorption observed (also see below).
2—18 GHz. The composite film with a loading of 1 wt % shows With these data, we then simulated the reflection loss using
weak wave-absorbing ability, and the absorption peak increasesthe transmission line theory. The reflection loss of EM radiation,
to 13.3 dB at the loading of 2 wt % and then reaches the R (dB), under normal wave incidence at the surface of a single-

A=10logP,/P,, (4)
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Figure 7. Dielectric loss (tarde = €"'/¢') of the SWNT/PCPU samples
layer material backed by a perfect conductor can be defined in the microwave frequency range.

7
as According to eqs 5 and 7, the condition minimizing reflection
Z, — Z, of incident plane wave (best absorption) happens whgis
R=20 IOQImOI (5) most close to the constard, e.g., the permeability and
n

permittivity of the composite match most as eq 7 indicates. As
the complex permittivity of the composite increases significantly
with increasing SWNT loading, we can see that Zgy being
closest toZy (e.g., best absorption), the best reflection-loss
Ho (6) frequency thus would decrease as eq 7 indicates. This also
€0 indicates that when the SWNT loading is 5%, should match

. . . ) Zo (where the permeability and permittivity of the composite
Zin is the input impedance at the interface of free space and match most as eq 7 indicates) most as compared to other SWNT

whereZ, is the characteristic impedance of free space,

20:

material, loadings for our composites. Note the percolation point was
3.4 wt % from the conductivity study above, close to the loading
_ [Mot T of SWNTSs with the best microwave absorption. It is well-known
Zn = €€ tanh{ 2ty uoueqed) ) that percolation behavior corresponds to a phase transition from

an insulator state to a conducting state for the composites around

wheref is the frequency of the EM wavé,is the thickness of  the percolation point. Although more data points need to be
the materialg is the relative permittivity, and is the relative done to study the absorption for the composites with loading
permeability. The simulations of the reflection loss of the around 5 wt % for the best absorption, such as more data points
SWNTs/SCPU composites are shown in Figure 6. from 3 to 8 wt %, we suspect that for these dielectric-loss

In the view of the complexity of EM absorption, the microwave-absorbing materials the percolation point might have
theoretical results in Figure 6 agree reasonably well with the some direct relationship with the loading for the best absorp-
experimental results shown in Figure 4 in both the curve pattern tion.
and absolute values. For example, the simulation found the There are two possible contributions for microwave absorp-
5 wt % SWNT loading composite gave the highest microwave tion, namely, dielectric loss and magnetic loss. We have also
absorption for various loadings of SWNTs with 18.5 dB at 10.3 calculated both the dielectric tangent loss (far= ¢''/¢') and
GHz, rather close to the experimental result (22 dB at 8.8 GHz), the magnetic tangent loss (tah, = u«''/u") based on the
considering the complication of EMI. permeability and permittivity of the composite measured as
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above. The value of the dielectric loss tangent increases with ~ (6) Dresselhaus, M. SNature 2004 432 959-960.

the increase of SWNT loading and is as high as 0.9 for the 19751)1;"’72”9' E. W, Sheehan, P. E.; Lieber, C. Briencel997 277,
composite with 25 wt % loading (Figure 7). But the value of (8) Holt, J. K.; Park, H. G.; Wang, Y. M.; Stadermann, M.; Artyukhin,

the magnetic tangent loss shows only very small fluctuation A.B.; Grigoropoulos, C. P.; Noy, A.; Bakajin, Gcience2006 312, 1034~
(in +0.2) around O (not shown). Furthermore, for all the 1037.

composites with different SWNT loadings, the dielectric loss | . s((g:)hn'\g'”no;_‘XF’,_'.E',i|L%rgr?;‘l'(?gt_pguT?_of'f'V}?r'];cgﬁtla:;_.sgéggﬁgglog_.

tangent tarve is much larger than the magnetic loss tangent Amaratunga, G. A. J.; Milne, W. INano Lett.2005 5, 2135-2138.
tandm. Thus the main contribution for the microwave absorption  (10) Zhang, M.; Fang, S. L.; Zakhidov, A. A; Lee, S. B.; Aliev, A. E;
should come from the dielectric loss Williams, C. D.; Atkinson, K. R;; Baughman, R. Kecience2005 309,
, . Co . 1215-1219.
In view of the Qe5|gn of a wh.ole microwave bandwidth (11) Li, N.; Huang, Y.; Du, F.; He, X.; Lin, X.; Gao, H.; Ma, Y.; Li, F.;
absorption, a multilayered sandwich structrean be made  Chen, Y.; Eklund, P. CNano Lett.2006 6, 1141-1145.

by delicately altering the intrinsic properties of every layer. As Ma(tle%)zggz'l% Coreng L. M Duan, X. F.; Chen, Q.; Liang, XAd.
an example, those with 2, 5, and 10 wt % loading each have ™ (13)"ran 7.3.; Luo, G. H.; Zhang, Z. F.; Zhou, L.; Wei,Mater. Sci.

already 2-3 GHz absorbing bandwidth for over 10 dB absorp- Eng., B2006 132 85-89.
tion. The total bandwidth of these three composites could cover _ (14) Kim, H. M.; Kim, K; Lee, C. Y.; Joo, J.; Cho, S. J.; Yoon, H. S ;

almost the whole frequency range fren6—15 GHz. Consider- Eg@kggv'lc’ D. A; Yoo, J. W.; Epstein, A. Appl. Phys. Lett2004 84,

ing the absorption peak could be easily tuned by changing the  (15) watts, P. C. P.; Hsu, W. K.; Barnes, A.; ChambersA&:. Mater.
loading of SWNTSs, with more optimization of the composites 2003 15, 600-603.

for absorption and multilayered sandwich structure deXigve (16) Xiang, C. S.; Pan, Y. B.; Liu, X. J.; Sun, X. W.; Shi, X. M.; Guo,
. - J. K. Appl. Phys. Lett2005 87,123103-1-3.

believe that the SWNTs/SCPU composites shall have great™ (17) vang, . L.; Gupta, M. CNano Lett.2005 5, 2131-2134.
potential for broad bandwidth radar wave absorbing materials. (18) Ma, C. C. M.; Huang, Y. L.; Kuan, H. C.; Chiu, Y. S. Polym.
Sci., Part B: Polym. Phy2005 43, 345-358.

(19) Park, K. Y.; Lee, S. E.; Kim, C. G.; Han, J. iompos. Sci.
Technol.2006 66, 576-584.

i i (20) Joo, J.; Epstein, A. Appl. Phys. Lett1994 65, 2278-2280.

th E‘rocgssable SV\{)NTSIQPU CompO?IteshhavekE)een f?b(rjl.czte.d'tﬁnd (21) Dalmas, F.; Chazeau, L.; Gauthier, C.; Masenelli-Varlot, K;

€Ir microwave-absorbing propertes ave_ een_s u _'e n eDendievel, R.; Cavalille, J. Y.; Forro, 1. Polym. Sci., Part B: Polym.
range of 2-18 GHz. Among the composites with different Pphys.2005 43, 1186-1197.
SWNT loadings from 0 to 25 wt %, the composite having a 5 (22) Costa, L. C.; Henry, F.; Valente, M. A.; Mendiratta, S. K.; Sombra,

o . : A. S. Eur. Polym. J.2002 38, 1495-1499.
wt % loading shows the best absorption peak value (22 dB at (23) Chung, D. D. LCarbon2001, 39, 279-285.

8.8 GHz). The main contribution for the microwave absorption  (24) Chiou, J. M.; Zheng, Q. J.; Chung, D. D. Composited989 20,
comes from the dielectric loss rather than the magnetic loss. 379-381.

Theoretical calculation of microwave absorption using the | (2} Koeler Hl: fiice, B Pearce, N. A.; Alexander, M.; Vaia, R. A
transmission line theory from permittivity and permeability data " 56) Liy, z.: Bai, G.: Huang, Y.: Ma, Y.: Du, F.; Li, F.; Guo, T.; Chen,

agrees reasonably well with the experimental results. Consider-y. Carbon2007, 45, 821.

ing the absorption peak could be easily tuned by changing the (§7) '—;: FI;IX-;BLILII’I\%. F. L'Uf X. |P§g§g%8xi3;';7%hen' S.N;An, Y.
: f . ., £ZUo, J.; He, b. L.Macromolecule: A .

loading of SWNT§, these processablg composite materials May ™" 5g)'Du, F.. Ma, Y.; Lv, X.; Huang, Y.. Li, F.. Chen, YCarbon2006

have great potential for broad bandwidth radar wave absorbing 44, 1327-1330.

applications. (29) Garboczi, E. J.; Snyder, K. A.; Douglas, J. F.; Thorpe, MPIfys.
Rey. E 1995 52, 819-828.

(30) Obukhov, S. PPhys. Re. Lett. 1995 74, 4472-4475.
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