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Radar absorbing materials containing Ni-Fe coated carbon nanofibers
by electroless plating

Ki-Yeon Park, lae-Hung Han, lin-Woo Vi, Sang-Kwan Lee

ABSTRACT

Carbon nanofibcrs (CNFs) were used to increase the complex permittivity as dielectric lossy materials.

The optimally designed CNFs/epoxy composites using Calc-Cole plot had 10 dB absorbing bandwidth of2.8

GHz (8.8-11.6) in the X-band with the thickness of 2.30 mm. For the enhancement of the ferromagnetic

properties of CNFs, Ni~Fe coated CNFs have been prepared by electroless plating. Observations by scanning

electron microscopy (SEM) and energy dispersive spectroscopy (EDS) showed uniform coating ofNi·Fe over

CNFs and the Fe plating layers over 90 wl%. The typical thickness of Ni-Fe deposited layers was about

200-300 nm. Using the prepared hybrid nano fillers, the Ni-Fe coaled CNFs/cpoxy composites fabricated

through the optimal parametric studies had 10 dB absorbing bandwidth of3.7 GHz (8.3-12.0) in the X-band

with the thickness 01'2.40 mm.

Key Words: Radar Absorbing Materials (RAMs), Carbon nanofibers (CNFs), Electroless plating,

Complex pennittivity and penneability, Reficction loss.
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~±~L;1:~ %~ %~~ ~11~.fi.0 ~%~

%1]A,:j t-.::r"n~l 78-}oH.c J:I1jiL~1 f7J]~ -1l~' !f­
'Aln ?(-"il., ~[H~~ .a-~ A,:j~{} ~Et'l!!q. :E.~

~4f ~ !fl12.}-°1~ 7l1~~1 .AtAj ~l1Aijli% ~%~

.7.}-Aj ~T.i~~l ~Jf-oJlt- q;;g: (~ 70wt% olAJ)~l

'i]7;sc ~is\I oH- .!f-7j~ 7J"j-:} Lj-El-41oJ, GHz

[H~~ -"il..yII}-ToJ]A-H::- Snoek's limit oJI 5!j<5JlAi xt
"d ~-?l 0 1 n-¢l"El] ;.r,l '6}-£l~ -?;J Q.~ ~c;I}1 q. i'j

T: liOi, °lcl~ ~Tj~]%~ 'd1!% .!i!..-¥!-ot71 .!fl
~ -lHPJ '>1 ";~J ~~ ;<jJ7; ~'lil "1 %¥! .~'II

oJl ~~ ~~{j-ol ~'.!~~ ~q.Che[2Je \,!~1.-;

x-n-.!!. (CNT) tl1 ¥-oJl Fe {i- §i-~"l ~ 'i,'''J oJl "l is\I
AJ~J~ ~1f ~~-~ ~15.:i5}~ .oa-eJl~ i-'T"~1{? 7~

~[WljA. Pan [3]-& Sr llil 401 §.oJ! Co-Ni-P ~ .!f-1l
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"*~>~li~ %1\% ~"J ,,3!f~ 10 GHz "IIAj ~

(2.8,0.1)9.1 i:J:-:} .'i"l'r'li.:i!, 'r"fT 'll"HIAj >I
~ 'll"<l~ i:J:% LfE}41'liq. Fig. I i': CNFlepoxy
"*~r;<J!li9.1 %11% ~"HPfolq. CNF ~~d'''I1 !If
2.r fr ~1 fr SI tl~ "3J<i!t ~ T~.g- i6-7}i>}~ c;l.2..ul,

'rllfT7t ~7t~"I1 afet {}~o-t~ "iJ "J-a, LfE}41
'liq.

JO

•4 6 8 10 12 14 16 18

Frequency {GHz]

Rulpalt Irnag,oary part
-o-CNF$ 1.0wl'% ----til--CNF, 1 Owt","

CNFs 2.0 wl'% CNF, 2.0 wt"Io

'r-. ~ CNF$ 3.0 wl'% • CNF, 3 0 wnr.

~

1
,}.......
l-o-

~-
..... ~_..

•

20

tM £.1i"-fr A}%ii"}O:l Co~Ni-P coated Sr ferrite powder

~- ~1~7;tO:l ~JtH~g.j ~TAj~% 1-tcl-~~ .Jt~t

~rtJ:-& ;{11~<5l-~q.. Wang [4].g- Jt!:1:y.x..%.t=!.(CNT)

oj] ¥1tl5ll .£1i"-a- ~i%<5l-o:J Ni-P coated CNTs ~~
-:} ;tnZt:;5l--ct~1 Aj~<5l-~q-.

.g. <B-=jLoJ!AH= %~Aj ~ Al-Aj ~~-a- ~%~

"*~(hybrid) Lfx. ~>~i} >i150"t~.:i!, oJ.;} 11'lllf
-S-T ~~~.aoJl ~i%<5l-~q.. ~Ai, %;:':!Aj e~l~

liAj ~~"j7t 3..:i!, "*~ %1\% '1[~01 %ol~

'il~ Lfx.AJ %(C F)7t -::!.~ 5']'liq °1 % .'l.~~ "*
~;<J!It"l1 t!I~ 1\"t'l '1 ~'J, '<1%'1l RAM A.:1711
'Jl Aj-5=' ifJ7H} Y;l-f~C+. ~~ CNFs oJl .!f-~811

.£ i}-fr ~ %i>l-o:J metal coated CNFs % ;til ~;5l-t- -:-1
~'l '1!'i'9.t >1150't! o-tol.'!"1s ",1!;<J!~ ?H1 AJ
:l1J7H} .!fl~ ulJ.-ll~~1 -f!~~ AjU- ~~% .:r-a,97i}

~1Ot. >l1!E't! o-tol.'!~IS ;'o1!;<J!{} .¥.~~ "*~;<J!

It.;} >IPto-t"l 11"t71"t *T>~li"ll ~H·"t~.:i!,

01J,S!2-] ~",-Ad-:} CNF § ..¥..~~ *~Aj RAM !ll :r!
1tl-~ l::I]jRill-9i cl

Fig. I. Complex permittivity ofCNF/epoxy compositcs.

/i' CNFs3.0wt%

/
," CNFs20wt'%

d-3.0mm
3.Smm

"r.=====;---------,I-- 10.-(1.0. O.O} I
caIeuIation- Opt. c•• (11.04, 4.124), d. 2.30 mm
Expet'ment_ Opt. content : CNFs 3.0 wt%

.1.5 ......
d-1 S ......

d-1.11ml

~Il

~..
;; .
I
~ .
~
0>§ ,

d-S.Omm .CNFs1.0wnr.

'if (power) ~i': "II Li "I (energy) "I ¥Hj "II AI 9.1 II!
A}~11.g.. RL [dBl=20)(loglO(R'.i~d 5!.. 1f.tB-t!c}.

'<1%t 3T4~ ~~~ ti~~ft ~~.~~~

$f]6H Ai, 10 GHz oJ1 Ai 9-l impedance matching condition

% ~%i5}oj !¥-tt!-A} ~~::!(Cole-Cole plot)-3- :p"!.E,"8"}

~J!., C F/epoxy ~~~li9-l *~i-fr 't!~CJ'-~ .¥­
~~ 1'!:>I1 ~t~% >lIAIo-t~q (Fig. 2). "'I'l~~

'if '>! 'i'-"'l~ "1'3.0wt%9.t2.30mm .... 7I1~5'I'lict.

.!-.---;---;;;"~-;;;,,~-=,,~-=,,,.....-:JO
Real pennittivity (t;l

Fig. 2. Design chart using Cole-Cole plol and complex
permittivity with CNF content variation.

2.2 '<1~ 'll RAM EJ 11711 '>l W;c'13 7t
<tIlfr ~1..Q...!~ N %~ JJd fB uB ~ oJ])..-1 region i Q}

region i+1 A}O] ~ 7d J.l]oH).1 ~ tfr 1i!.!.A}7114--i:

R" 1+ ii· l' 2,,2ik"I.,(d"I.-d,lR,." , , ,... :"", .2..... .lE~'t!q. <1"1
I + RI>I+lRi~l.i-t2t'_lk;'I.,(d"l.-d,)

2.1 i!=1!>~li~ {1<!i '>! "*~"~liEJ >114
.g. zFr-oJ1Ai~ %~-Vcl ~~lAnli~Ai Showa

Denko (Japan) )..}9-J vapor grown CNFs ii- A}%i5}'ll

Ct. ~ 7d (fiber diameter).g. 100-200 nm, lfj it 11 oj

(fiber Icngth).e 5-15 ~m 5!.. <?t 70 9-] %~ t1l{} ~t:­

ct. l(t!fl%~I~eJ (bulk dcnsity)e 0.04 g1cm
1 o].:il,

1:l]1I 't!. ~1(specific surface area).g. 13 m2/g t-tE.}\Hcr.
CNFlepoxy "*~>~.fi.9.1 >li"r ~~t~ q~-nt {[q.

'{!Ai, epoxy ~;xl, 7J~~1, CNFs % .¥-~~ .:!~-~­

% f?til~q.. 60°C % *;xI~ %EJ 5=.:t!oJ])..1 ir- t1 j

't! ~~%-a, iH! 7i{} At%o-t"l 2500 rpm "1 4;-£
5!.. ~ 15 ~{~ ~~Al~ct . .=1clJl .:ui'- AJEfl5!..
80°C "IIAj "1' 15 1i'-<!c 'it.¥. "1-"<1% T·~o-t~q.

::L ~ 120°C, t!l71°,j- !E'(!"I .2.~"IH 2 Ain -'g­

'1! 'J'll5'I'liq. ut"I"l-.2. .... >~4't! 1>}~>~li~ 1!
API ~ -§-AJ ~~J-i} ~ti\l toroid ~ Efl (inner

diamcter: 3 mm, outer diameter: 7 mm, thickness: 1.0­

1.5 mm)~ AI'1J.2. .... 7Fb'o-t~q.

i!=1!;<J!{;- .'l.~o-t"l \'lc~ epoxy 1>}~;<J!li9.t

CNFs 7} 1.0,2.0,3.0 wt% 7} .¥-~~ 4 ~*~ ~~

;<J!li7t >l14"1'liq. 11%~1"" 71'~ (transmission
line technique)-3:- A}%t>}oj ~"W~flliQl ~A}71 ~ 15
~J-3- ~~t>t~q.. :§15!.. ~~71 (Agilent 5230A).[·

At%o-t"l, 2-18 GHz 'll"i"ljAj "*~ %<1-!1--:} "0"<1
o-t~q. '\t.:i!.... CNFlepoxy "*~;<J!.fi.~ "I"VJ"1loj
~~ (I, O)gj -~±: !f-At-fr% ?tec}. EE~ epoxy
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-Fig.4. SEM image of as-received CNFs.

3.2 ~~>Bli"1 '11"1-. '<!%-'!l RAM "1 ~111 '>1
~il 'o-'il 7 r

~1s:-t! Ni-Fc-CNFs ~tHi·~% A~%"6tC9 30 wt%,

40 wt%Q.j WCJ'% ~-c ~lrAHli% ;;(n3l-"O~'Jjc}.

Fig. 5. SEM images ofNi-Fe coated CNFs.

!f ~"6H .£15-9-1 a:.7,i -2.- 90°C Q.j .g- £ oj] A-j 300 rpm

Q.j .Ji!.tfr 4j:£S:. ~ 1 ~n {!i;~~J~Ct. Ni £-E- %
"'i.g. NiCI,·6I-1,O (20g/l), NaPH,O,·6I-1,O (I Ogll),
NHJCl (40gll), ~*TS:. TAd¥!-et. Fe Ad~-£ -'f-~

III 'lei t 171 'fltll;'12>r'>1 ProJl ~'1 'i"!4i"'1.2-.£
4'-~:! isH .£ -E- % T i;~ ti}~ et. Fe -!f ~ isH .£ -E- 9.1 a:.-z:!
.g. 45°C Q.j '&.£OJ]A-j 450 rpm Q.j JlLtfr 4j:.£!'~ S!.f

90 ~7,} ~-.5~~l~et. Fe xi} %0l-2.- FeS04·7H20

(20g/l), KBI-I, (IOg/l), KNaC,H,06·4H,O (90gll), NaOH
(20g/I), ~frT9_ TAj -'t! ct. ;;(11?:~ Ni-Fe coated

CNFs ~~¥-~-2.- ~a:. :C~:Aj-~ 7-j t! ~ o}g-t:­

(Ar) 1HI71 QI 400 °C .g.£.oJIJ.1 3 AI;!! 7raJ ~P1

2.j (Heat treatment) TI}:Aj % T8~ "fl~';,1 et.
Fig. 4 9} Fig. 5.c 3"::7] £j CNFs Q} Ni-Fe coated

CNFs cl'11: SEM olol"!{} LfEfLIIJl ~cl. "'71
A,J-EIIQr "1-'''''',''1, CNFs 7r"l 'floJl 200-300 nm "-I
i?"4i-%-01 ~Ad5Oloi ~et. .nEd %Q.j EDS (Energy

Dispersive Spectroscopy) ~TI~-c 90 wt% O]AJ9.] Fe

A,H~.. TI} j:CJ'9-] Ni ~ P Aj.u-01 7,3~ 501 ~ et.

",,==========,
0- Simulation, Opl. &" d=2.30 mm

10 dB BW: 2.6 GHz (8.9-11.5)
-()-- Experiment, CNFs 3.0 wi"!.. d:2.30 mm

10 dB BW: 2.8 GHz (8.S-11.6)

...~ .............•

\r
v··· .

40,L~~--C--~~-"1O'-----~---:':12'-----~---'14

Frequency [GHzj

Fig.3. Reflection losses (simulation and experiment) of
optimally designed CNF/epoxy composites.

3.1 Ni-Fe coated CNF "1 '11"1-
¥~tH £~ .:g-;':c!Q] 1-i~}9.} uJ-tiJ-:?:- .==ull 47}7]

'" LI't! cr. ~17.1 e1 (pre-treatment) .i!C"8, "'cnl §f

(sensitization) ;;;:1 \:.-1, 7}-4f9}- (acceleration) ;i;i ~, s:.
"6- (metal deposition) I!}-Aa.Q...£ ;j ~]~c} [4]. :z.t :ill­
Ad-it .!6-~ CNFs .c- ,,*.ff--rS:. ~~"6] AjA11~~ cj.g­

T-.5~~ct. .£i?" %~9.1 ~l.Acl ~ .<t-.£, .&.£, J"J1.tfr

~£ ~ A17,} %j!~ ~d·.g- 3::~{}01 j,1-3:jQ.j 3::1}%

01~~- uJl Ad.:g--3:j~ 4'-~:!5B '£i?"0j 7}.'g-"6}-et.

:ittodoJ] A}%¥! i3"4i-9.1 %-n-.c 7J"A~AjQ.j Ni j!~

Fe Aj~oJl 3"::7d% ~-t=-jl 4'-?"li5B .£~% Als:."6~';,1

-cl Ni Ad ~9.] ~ f-°1l-c CNFs .R Ttl oil .nEd °1 ~~

trlll °I'1''1]1.2-t-t, Fe "-I 'iJ-}"i11c r:j-°Jt"llil 3'c7,i

~~~- !8-8B A]£-Q- 8H1i!..'\t7-11{!- .:Q11] .nEd 011 Aj.:g­

il}7-1 *~-et. Ni Aj~o1 crCJ'.Q..S':. 52Ed~ CNFs ~

'I:%~ J--t~>l 'iiQI 'iJ q-oJllc GHz q] "1 "i]J·19.J '1'
;<r%"-I ,?7r~ 7rA1.'<-1c ':FJ"1°1 71"-1 OI"ltl'1l
cr. u:l-2fAi, ~ Z!=r-oJ]A-j-c cl·~J9.1 Fe Aj{t-%

CNFs K\'!oJl .iI!jJBr71 !fItl-'1 Ail ~rillloJl ~Z! .!j'­

~"6B .£i5-% ~%i)}o:l i)rolJ:!..e.l~ Y-x.- j:AHti- ~1

2il}t-[~] Aj {,L"fl}9J-et.

Ni Ad~% ~.fJlI .n~B}71 .'f-liiH 1 ~lS:. Ti;~:t!

3. Ni-Fe coated CNF ~ ~g{<5I~ <5101 '"

2.1 c:: RAM

",j'o-'il7Hf !fI'H 9' 7r.£ '11"1-'2 "1'I1.g. 'i:!111
'i-'Jil.£ 7r* :if- "H\'!oJl Al "81'!-% ll~trJL §I.£
CC~ 71~ "r%tl"1 "]Ai':'~ (SII [dB])% ~A,j tr
;del-. "T-TIt'T- oa<2:1oJ)J-i Jt!-A}:t::~(ojl~ ~ lllfl) ~

"11c Fig. 3 oJl t-tErLII'Vr:j-. zFI 2.6 .ill 2.8 GHz "-I
10 dB *"T r:H~~% .!i!-9,IJl, 1111 ~1!}011 ut~

tt~ ~~l1cJ 10 dB %T qlQ:j~..g- 1.22 GHzJrnm £.
ctEf;}r:j-
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~ 1:!.yoJ]AiT:- ,Or~1AJ ~~;.(H CNFs 2} -orol.!!
c.l£ e91;qj i-FecoatedCNFs {} '~Hl'~ ~!::(l71~

~T ±;qj~ r.H~ ~~~ ~~tl T'~~~.

CNFs % ¥. ~c5}.c f!r~! AJ RAM 2) /J -9-01) ~ 1i1~

TJJlICJ 10 dB itT r:"~~.g- 1.22 GllzJmm ~ L-rE}

Xl;-t:l-. CNFs oj1 Al-AcJ~~% t>J1J-A]?'17) ~18"\l .!f-~1

iiH £~-3- ~i%<5lO:J Ni-Fe coated CNFs ~+~ ~{l

~H7r ,.l,j~!.~.2..5"~ /l;1];:E5=l<Jt-iH} SEM o]u]z]2}

EDS ~~I.Q.5"~ ~}-~'5r~q. o]{} ~hori!' B}o]~~

.!::.. RAM 9-1 7iJ -1- 1.54 GHz/mrn Til ,or ~l Ad RAM.ilr

tl] :lil.'5}aJ ~ 26%9-1 -.5JAJ¥J >iP'Hi- L}E}t.Hcntl

4.

-0- Simul<rtion, Ni-F..cNFs 4ll WI%, d"2.37 mm
10 dB BW: 3.1 GH:t (8.3-12.0)

o Experiment, NI-Fe-cNFs 40 wt%, d"2.40 mm

!,==~1O;dB~O;W;o:':;:J.;,:' G:::oH~'1~8.~J-;12;'I~,,;;,==
-4(16 10 12 14

Frequency [GHz]

Fig. 8. ReOCClion loss (simulation and experiment) of
optimal designed Ni-Fc-CNF/cpoxy composites.

o

•"
F/cpoxy

, ,
Real part : 111m.lQinary poart : I,--0--- Ni-Fe-CNFI 3ltwt% _- Ni·F,,·CNFs 3llwt~.

o NI-Fe-CNFI40wt% @ Nj.Fe-CNFs 40wl%

o~"·,,),, , "', '>v." _'0""

,
~-~. .

-~--
s-s '"'-

0
'101214'6

Frequency (GHz)

Fig. 6. Complex pcnninivily ofNi~Fc-C

composites.

>O~~~~~~IT===C==~"ll","'­
--0- N,·fIt-CNF. 3Owt"lI.

<) NI·h-CNFI4OwI%

Figs. 6 1!t 7 .g- *~11l- ~ f;J:~-§-9.J '9-~ ~:i!t{}

l-fEl-41:il :<let. 'I1"~j C F/epoxy ~~>illi"l *~* ~j!l-2}- B1Ji!3}ol ~ol-E- *~1t ~.¥.-n- LtE+\.J!
\'!c\1011, fA~"1 "<I-'l-0I1t:- 4';4'011 ufWi "1-:1
tg~'il !riJ!~ *7}0 .!i!.°lJl 'Vet. °l~.g. CNFs

JI\1011 i5'4c°1 jl"<!~loj"i t+Eh± "-"folef.

Frequency (GH:l:]

Fig. 7. Complex pcnncabilily of Ni-Fe-C F/epoxy
composites ..

!f- ~ -ff.21 "'* fJ- ;4l.fi. 011 (H V! ~ Ad B ,or:;t1 tl-, !f­
xHt ",-"f '11"-:1 4' 61-:} ~'l}<ll"! 10 GHz oIl Ai ',j
~~f7Jll% %tCJlq. 30 wt%9.J 7J4L<>l1t- ~ 2.57 mm

{~-. 40 wt%21 7d..!jLol]-i= ~ 2.37 mm 9.J Ad~ f7J\]-li­
l-fEft.1l~ef ".f "<1-'1-011 q]~ ',j~ 'i'-'1I011"] 41If
? ~~9.J t.!!A} ~11 ~-AJ{i- 30 wt% -:';~"if;;(Hn..Q.l

'iI-'l-0I1i:: 2.2 GHz (9.0 - 11.2)"1 10 dB i"i+(II~¥,

-3- qE}LJ1~.:il, 40 wt% .!·+if/{H.li~ 7c)-?-ol1.c 3.7

Gllz(8.3-120)"1 10dB i"i-4'r'I~~-~- y.EtLIl~cf.

.AJt:H~.2...£. .g.T /.J~ol Jf.T~ 40 wt% .J!l-~;(H

1"'"011 q]~ 'J'o- .J7H} 4"!li>t%!et. ?7} 'il'f cr­
'i'-"'I .2A% :ilej i>}"! "f 2.40 mm 7H,'- i>t%! cf.
~!lfr~,{! tt!A}~~ 7JifJ ~~ 10 dB t-T r:tl~~-..g.

0!I61'<!.i!f2t 71"1 'lPli>f%!cf. \!'Il 'f-"'lcJ 10 dB
t-Tr.H~~.g. 1.54 GHzlmm £. %~AJ RAM :i!} til
ii!i>}"! "f 26%"1 ~AJ-<! '<!~fi} t+El-41~cf.

~ <:B~r-t: ~~717l1<:B-l-¥! !f-z! ;t\!.l:.c:1T2 71{?c:1-=r
A}~ "~;(}71 .f.}"'J ~I<>J -*~ ±;qj "'J6J/I~":i!} ~!~:4

-¥!¥ ±~~~171?f7qW-A}~ ··~~}j1hbj.-I- .:i!?~"dJtll ~1I1

4 ~4;"-~;(} -~~:§} 714?"2J ~I-t!~_.!i. olif-<>J~.2..lt

olot] ~A}£ '[} Ll q..
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