3 . MATERIALS
SCIENCE &
ENGINEERING

B

www.elsevier.com/locate/mseb

= S LR
ELSEVIER Materials Science and Engineering B 117 (2005) 27-36

Microwave-absorbing characteristics for the composites of thermal-plastic
polyurethane (TPU)-bonded NiZn-ferrites prepared by combustion
synthesis method

Cheng-Hsiung PerigChyi-Ching Hwan§*, Jun Waf, Jih-Sheng Ts&j San-Yuan Chéh

a Department of Materials Science and Engineering, National Chao Tung University, Hsinchu 300, Taiwan
b Department of Applied Chemistry, Chung Cheng Institute of Technology, Tashi Jen, Taoyuan 335, Taiwan

Received 6 June 2004; received in revised form 6 October 2004; accepted 14 October 2004

Abstract

Nizn ferrite with the chemical formula Ni_xZnys xMxFe0,4 (M =Co, Cu, or Mg, and=0 or 0.05) was synthesized by a combustion
synthesis method using metal nitrates and urea ¢JNED) as reactants. The nanocrystallite of these materials were mixed with a thermal-
plastic polyurethane (TPU) elastomer to be converted into a microwave-absorbing composite. The complex relative peepittivitye ()
and permeability 4, =u'—ju”) of the absorber were measured in a frequency range of 2-12 GHz. The reflection loss (R.L.), matching
frequency {,) and matching thicknessl{) were calculated using the theory of the absorbing wall. Effects of both the particle size of ferrite
and the dopant presented in the ferrite on the electromagnetic properties and microwave-absorbing characteristics were investigated. It was
found that nanoparticles around 40 nm exhibit higher reflection loss than both those obtained from micro-sized powders and those with size
less than 25 nm. Also, it was shown that the Co-doped, Mg-doped, and Cu-doped NiZn ferrite-TPU composites could be designed to be more
negative than-20dB, in a frequency range of 2-12 GHz, to become promising materials for microwave-absorbing application. These doped
ferrite-containing composites have more effective microwave-absorbing characteristics compared to undoped one.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction and permeability g =u’'—ju’”) on the absorbing material
has been a field of interest.
Much attention has been attracted by microwave- In the past, the spinel ferrites have been utilized as ab-

absorbing materials due to the facts that they can absorbsorbing materials in various forms for many years. Also, the
energy from microwave and that they can be widely used ferrite-polymer composites are useful as absorbers due to
in the stealth technology of aircraft, television image inter- their lightweight, low cost, and good design flexibiljfy5,6].
ference of high-rise buildings, and microwave dark-room and Among the spinel ferrites, NizZn ferrites are commercially
protection etc[1,2]. Extensive study has been carried outto used as electromagnetic devices operated in high frequencies
develop microwave-absorbing materials with high efficiency (>10 MHz), arising from the fact that metal dopants can be
and new absorption materigl3-5]. One criterion in select-  used to modify the electromagnetic properties of Nizn fer-
ing the absorbing material is to discover the location of its rites by increasing the resistivity and permeabi[ify. For
natural resonance region. Thus, a study of the frequency de-this purpose, some attempts were made to verify the correla-

pendencies of the complex relative permittivity € &' —je”) tion between the material constantsandy.;, and microwave
absorption in the sintered ferrites that contain divalent metal
ions[6-9].
* Corresponding author. Tel.: +886 33891716x312; fax: +886 33802494,  Recently, the research pursuing to nanocrystalline ma-
E-mail addresscchwangl@ccit.edu.tw (C.-C. Hwang). terials and their properties has been given much attention
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and it is well known that nano-scale particles possess dis-2.1. Preparation of ferrite

tinctive physical and chemical properties because of their

nano-sized crystallite, large surface area and different sur- Ferrite powders were prepared by an amount of 25 g per
face properties (such as surface defect) etc. Yet, a varietybatch from an exothermic reaction using mixtures of metal
of wet-chemical methods (such as sol-gel, co-precipatation nitrates (purity: >99%, Aldrich) and urea (N} CO, purity:
and hydrothermal, etc.) have been reported to be effective99-5%. Alfa). Reactants were directly mixed at an ‘equiva-
in generating nano-sized and homogeneous powders of Ce_Ient stoichiometric ratio’ without adding water. Note that the

ramic oxides|10-12} However, relatively complex sched- ‘equivalent stoichiometric ratio’ is designated as the oxygen

. . content of metallic nitrates that can be completely reacted
ules, expensive precursors, and 'OVY production rate are theto oxidize/consume urea exactly. The reactant mixture can
common problems of the wet-chemical metHad]. In the

: . easily absorb moisture from the air and become a slurry sub-
past decade, a solution combustion method has been narratedyance since metallic nitrates possess hygroscopicity. This
and utilized to synthesize simple and/or mixed metal oxides sjyrry mixture was homogenized and heated on a hot plate
[14-17] With this method, the heating and evaporation of at~230°C to dehydrate until self-ignition was taken place.
desired metal nitrate solution employing an organic com- Then, the dried mixture was ignited at room temperature to
pound can result in self-firing to generate heat by exother- start combustion reaction, giving rise to the evolution of a
mic reaction. This liberated heat is used to synthesize thelarge volume of gases and producing a dry, loose, and vo-
ceramic oxide powders. Together, this method has advan-luminous ash. When complete combustion is assumed, the
tages of applying inexpensive raw materials and maintaining reaction equation can be expressed (greatly-simplified) as
a relatively straightforward preparation process, and achiev- follows:
ing a fine powder with high homogeneity. In addition, the
process of combustion reaction is relatively quick as com- (0.5 — x)Ni(NO3), + (0.5 — x)Zn(NOs), + 2xM(NO3),
pared to other synthesis techniques. This process with its fast A
pace in ascending and descending the temperature can pro- +2Fe(NQ); + 6.67CO(NH), —
duce meta-stable phase, un-equilibrium phase and products Nigs_Zngs_ Mo F&O4 + 6.67CO + 10.67N, + 13.34H,0
of tiny grains; therefore, superior properties are attainable 1)
[18].

In our previous research, a further modified combus- . o
tion synthesis method has been developed for prepara_To understand the influences of heat treatment on grain size

tion of nanocrystalline ceramic oxidg$9]. Utilization of and magnetic properties, a portion of the as-synthesized fer-
an organic compound (e.g., glycine, urea, citric acid, ala- 1€ Powders was annealed at S@and 900C for 1 h. For
nine or carbohydrazide) and metal nitrates in conjunction COmMparison, acommercial §4Zno.sFe;O4 (purity: 99%, av-
with mixing the reactants directly without adding water are €rage diameter: 1sm, source: Core connector Co., Taiwan)
the key techniques of this method. It was found that the manufactu_red by the conventional mixed oxide method was
sinterability and soft-magnetic properties of the resultant 2/S0 used in the present study.
NizZn ferrite powder are superior to those obtained by other
methods.

Since there was not much literature reporting the appli-
cation of using combustion method to synthesize NiZn fer- . . o .
rites in regard to making electromagnetic wave absorbers, we Phase formation of product was identified by using X-ray

continue our research to use combustion synthesis methoodiﬁr"’lction (XRD; SIEMENS DSOO.O) with (?u K raFjiation
to synthesize Nizn ferrite and Mg-, Co-, and Cu-doped (A =0.15418 nm). The crystallite sizB) of NiZn ferrite was

NiZn ferrites (chemical formula: Nic_.Zn MaFe0s, calculated from the diffraction peak of the (31 1) plane from
M=Mg, Co ér Cu. andx=0 or |§50—5x) g thon ?he4 . the XRD profile, in accordance with the Debye-Scherrer for-

mula[20]:

2.2. Characterization of ferrite

sultant ferrite powders were blended with a thermal-plastic
polyurethane (TPU) elastomer to be made into microwave-
absorbing composites and used in our relevant research. Inp — 0.9
this work, the effects of both the particle size of ferrite (B cost)
and the dopant presented in the ferrite on the electromag-

netic properties and microwave-absorbing characteristics arewhere is the X-ray wavelengthg is the half-maximum
evaluated. breadth, and is the Bragg angle of the (311) plane. The

morphological features and the electron diffraction patterns
of the ferrite powders were imaged by transmission elec-
2. Experimental procedure tronic microscope (TEM; Hitachi H-7100, Japan). Vibrat-
ing sample magnetometer (VSM; Toei, VSM-5) was used
The flow chart of the experimental procedure is shown in to determine the hysteresis loops of ferrite powders at room
Fig. 1 temperature.

)
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Fig. 1. Flow chart of experimental procedure in this study.

2.3. Measurement of microwave-absorbing behavior for mittivity of ferrite-polymer composit§21]. The mixing ratio
ferrite-TPU composite of ferrite-to-TPU was fixed at 80% by weight. The testing
specimens have a toroidal shape with both thickness being

The absorbing composite materials were prepared by 1 mm and outer and inner diameters being 7.0 and 3.0 mm,
molding and curing the mixture of ferrite powders and a respectively. The measurements&f ¢”, 1/ and u” ver-
TPU elastomer. TPU was used as a polymer matrix due to sus frequency were made by coaxial reflection/ transmission
its good flexibility and high filler content. It becomes obvi- method using a Hewlett-Packard Network Analyzer (Model:
ous that high filler content would enhance the complex per- HP/8510C) in a 2—12 GHz frequency range.
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The absorbing characteristics can be represented as thef Co?*, CL#* or Mg?* seem to dissolve/arrange in the spinel
reflection loss (R.L.), to be described[ag]: structure to fulfill the formation of single spinel phase. It is
(Zin — 1) generally recognized that the vacancy sites of partial depri-
—n (3) vation of NP* and Zrf* can be filled by these dopant ions
(Zin+1) arising from the facts that the ionic radii of €9 Ci?* and

Mg?* are actually 0.060 nm, 0.058 nm and 0.057 nm, respec-
| (m)l/z [.(and> (m)l/z} J ¢ P
Zin=|— tanh| j | — ) | —
Er C Er

(4) tively, which are close to the ionic radii of Rfi (0.055 nm)
and Zrf* (0.060 nm). (These ionic radii mentioned above are
whereZj, is the normalized input impedance relating to the
impedance infree spacg=¢'—j&”, ur = ' —ju’” isthe com-

simply for the case of coordination number (C.N.) =4. When
plex relative permeability and permittivity of the material,

C.N. =6, the ionic radii of Ni*, Zn?*, C&?*, C/?* and Mg+

are 0.069nm, 0.074nm, 0.075nm, 0.077 nm and 0.072 nm,
is the thickness of the absorber, a@dandf are the veloc-
ity of light and the frequency of microwave in free space,

respectively23], which are nearly equal to each oth&iig. 3
shows the more narrow peaks of NiZn ferrites after anneal-
respectively.
The impedance matching condition is givenZy=1 to

ing at 500°C and 900 C for 1 h. It is expected that crystallite
represent the perfect absorbing properties. The impedanc

size after annealing will become larger due to grain growth.
Table 1depicts the result of the crystallite size determined

matching condition is determined by the combinations of six

parameters’, ¢”, i/, u”, f andd. Also, knowing thes; and

et)y XRD. One can observe from this table that the grain size
increases with respect to the increase of annealing tempera-
ur, the R.L. value versus frequency can be evaluated at a
specified thickness.

R.L.(dB) = 20log

ture.

3.2. Morphology observation

3. Results The morphology of as-synthesized NiZn ferrite powders
and the powder products annealed at 300for 1 h with
3.1. Phase Identification their corresponding electron diffraction patterns are shown in

Fig. 4. The crystallite sizes were estimated to-b20 nm for

Fig. 2shows the crystalline phases of as-synthesized un-the as-synthesized powders an85-45 nm for the annealed
doped and doped ferrite powders. Itis observed that only sin-

gle spinel phase exists. In the doped ferrite cases, the dopants
(c)
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) ) ) ) Fig. 3. XRD patterns of as-synthesizehMng sFe,04 powders. (a) With-
Fig. 2. XRD patterns of as-synthesized NiZn ferrite powders. (a) Undoped, out heat treatment, (b) annealed at 5GGor 1 h, and (c) annealed at 900
(b) Co-doped, (c) Cu-doped, and (d) Mg-doped. for 1h.
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Table 1
Grain sizes of ferrite and detail data for hysteresis loops showigir3
Specimen D2 (nm) Hc¢ (Oe) Ms (emu/g) M (emu/g) Ay (kJ/nP)
Synthesized ferrite
Without heat-treatment 25 52.12 44.24 3421 41.25
Annealed at 500C/1 h 45 65.82 31.35 3.216 57.75
Annealed at 900C/1 h 80 28.01 38.82 1.489 34.17
Commercial ferrite - 24.12 36.08 0.950 37.73

a Evaluated by the Debye—Scherrer formula.

ones in regard to which they are about the same sizes as th&liZn ferrite as well as the ferrite samples that were annealed
ones estimated by using XRD method. In addition, diffraction at 500°C and 900'C for 1 h. Table 1presents the relevant
patterns indicate that the heat-treated powders have a highedata. It is interesting to recognize that the powders after an-
degree of crystallinity than do the as-synthesized powdersnealing at 500C possess the largest coercive foreg)( the
since their diffraction rings are sharper and brighter as com- largest hysteresis loop are&{) and the smallest remanence

pared with those of the powders without heat treatment.
3.3. Measurement of hysteresis loop

The hysteresis loop shown Fig. 5illustrates what are

(My) than those of other samples, while the former two fac-

tors may lead to the largest hysteresis IfB4. Moreover,

the saturated magnetization {Malues of the calcined Nizn

ferrites are smaller than that of the one without heat treatment.
Fig. 6 shows the hysteresis loops of the undoped, Co-

the real traces of the magnetic behavior of the as-synthesizedloped, Cu-doped, and Mg-doped NiZn ferrites annealed at

—_

Fig. 4. TEM images of synthesized powders with corresponding diffraction patterns. (a) Without heat treatment, and (b) annedlédat bb{Taken at

the same operation conditions).
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Fig. 5. Room-temperature hysteresis loops of 8ding sFe,O4 powders.
(@) As-synthesized ferrite without heat treatmeft) Gynthesized ferrite
annealed at 500C for 1 h, (o) synthesized ferrite annealed at 9@for
1h, and {) commercial ferrite. (A plot magnifying the vicinity of the origin
is inset intoFig. 4. The values ofd (i.e., the intersection point on positive
x-axis) and M (i.e., the intercept on positiyeaxis) for each specimen can
be observed).

500°C for 1 h. The data presented fiilg. 6 and Table 2il-

3.4. Measurement of electromagnetic property

Fig. 7(a—d) manifests the real part and the imaginary part
of the relative permittivity £ ands”) and permeability 4’
and ) spectra for Ny 5Z2ng sFe,04-TPU composites. The
real part and the imaginary part of permittivity are almost
constant § =6-7 ands” =0.45-0.65, respectively). This is
most likely to be caused by the intrinsically small dielectric
loss tangent (tad) of the ferrite powder used in this study.
The values ofx” andu” depend on the frequency and calci-
nation temperature. The spectrumudfexhibits a fall at the
beginning and then remains constant in 5-12 GHz, whereas
then” decreases with increasing frequency.

Fig. 8 gives the relative permittivity and the relative per-
meability spectra for doped and undoped ferrite-TPU com-
posites. The real part and imaginary part of permittivity re-
main practically constant and they depend on the dopant
to be varied from 6 to 7.5 and from 0.45 to 1.0, respec-
tively. With increasing frequency, the' exhibits a decreas-
ing tendency (except for Co-doped sample) in the order of
undoped > Mg-doped > Cu-doped. The maximum value of
1" can be shifted to higher frequency in the order of Co-
doped > Cu-doped > Mg-doped >undoped. In addition, the
value of u” is also augmented in such an order, especially
in the high-frequency region (>8 GHz).

lustrate that the hysteresis parameters of these doped NiZn
ferrites are considerably larger than those of the undoped onegz 5 Reflection loss

Evidently, introducing these dopants can modify the magnetic
properties of NiZn ferrite. Itis thus expected that the compos-

Fig. 9 shows the reflection losses and the matching fre-

ites fabricated by using doped-NiZn ferrite might possess dif- quencies of the Nizn ferrite (annealed at 5@for 1 h)-
ferent microwave-absorbing characteristics when comparedtpy composite, which can be obtained by using H&3.

with the composite of undoped Nizn ferrite-TPU.
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and(4). The matching frequency{) is equal to 3.16 GHz
in the lower-frequency region and it is equal to 9.43 GHz
in the higher-frequency region. The corresponding values
of matching thicknessdg,) are 5.92 mm and 2.13 mm, re-
spectively.Table 3lists the data of absorption characteristics
for the absorbing composites fabricated from the commer-
cial Nizn ferrite, as-synthesized and annealed at&band
900°C for 1 h. Itis clear that these NizZn ferrite-TPU compos-
ites can be considered as a microwave-absorbing material in
~2-4 GHz lower-frequency range ancd9—10 GHz higher-
frequency range. In particular, the Nizn ferrite after anneal-
ing at 500°C for 1 h exhibits the largest reflection loss and
the widest bandwidth than those obtained from other speci-
mens. This phenomenon, coupled with the results presented
in Table 1 suggests that the crystallite size of Nizn ferrite
has significant effects on magnetic properties and microwave-
absorbing characteristics.

Table 4shows the absorption efficiency for the undoped,
Co-doped, Mg-doped, and Cu-doped NizZn ferrite -TPU com-
posites to be obtained by taking the specified thickness of

Fig. 6. Room-temperature hysteresis loops of synthesized doped- and2 mm and 5mm, respectively. It shows that the reflection

undoped-ferrite powders annealed at 3GCor 1 h. (J) Undoped, ¢) Co-
doped, () Cu-doped, and«) Mg-doped. (A zoom plot showing the vicinity
of the origin is inset intd-ig. 5. The values ofi; (i.e., the intersection point
on positivex-axis) andM; (i.e., the intercept on positivg-axis) for each
specimen can be observed.).

loss of these composites could be designed to be more neg-
ative than—20dB in the frequency range of 2—12 GHz. In
addition, it is evident that the doped ferrite-containing com-
posites have much more effective electromagnetic absorp-



C.-H. Peng et al. / Materials Science and Engineering B 117 (2005) 27-36 33

Table 2
Detail data for hysteresis loops showrFig. 4
Specimef Hc (Oe) Ms (emu/g) M (emu/g) Ay (kJ/nP)
Doped ferrite
Nig.45ZN0.45C0n 1FE,04 1614 49.30 1004 1912
Nio.45ZN0.45CUp 1F€204 1123 44.53 7431 1268
Nio.45Z2Ng.45Mgo.1F€ 04 1122 42.85 6907 1164
Undoped ferrite (Nj. sZno.sFe,04) 65.82 31.35 16 5775

a As-synthesized ferrites calcined at 5@for 1 h.

tion effects. The effect of Cu, Mg, and Co to be added in particle size ranging from-20 nm to a size approximately
Nizn ferrite can be understood from their changes in premit- 80 nm. The commercial NisZng sFe&04 powder with micro-
tivity and permeability in addition to their hysteresis char- scale size was also fabricated. Fréig. 4andTable 3 it is
acteristics and it will be discussed briefly in the following found thatthe crystallite size obtained at calcinations temper-
section. ature of 500C, which is~35-45nm, has better reflection
loss and bandwidth than those acquired from greater particle
size (in micro-sized range) or as-synthesized one (<25 nm).
4. Discussion Recent reporft25] claims that a critical particle size becomes
available as transited from mono-magnetic-domain to multi-
By using the combustion synthesis method and annealingmagnetic-domainto be close to 40 nm. Inthis transition stage,
process, we were able to fabricate NiZn-ferrite powders with both domainwall motion and spin rotation are in operation us-
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Fig. 7. Permittivity and permeability spectra ofg¥Zng sFe,04-TPU composites. (a9, (b) ¢”, (c) u’, and (d)n”. (@) As-synthesized ferrite without heat
treatment, [J) synthesized ferrite annealed at 5@for 1 h, (A) synthesized ferrite annealed at 9@for 1 h, and ) commercial ferrite.
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(0) Cu-doped, and«) Mg-doped. (All of these synthesized ferrites were annealed atG@6r 1 h.).

ing the magnetizing procesq@$]. Itisthoughtthatforsmall lite size (annealed at 50€ and above). Not only can nano-

crystallite size (as-synthesized ferrite without heat treatment) sized powders increase unsaturated coordination, interface

only spin resonance is observed, however, both spin rotationpolarization, and multiple scatter near the size of transition

and domain wall can be operated with respect to large crystal-stage {40 nm), but they also exist quantum size effect such
as electronic energy level split. The RE#5] also indicates

0 that in the transition stage from single domain to multido-
i main, coercive force reaches to a maximum, which may lead
™ .
04 % !
L} f. Table 3
. ¥ Badwidth Bandvidth 3 Relationship between matching frequency and matching thickness in
—~ ] - - g
2 ' 4/ 116Gt =L0CH: Ny Nig.5Zno,sFe204-TPU composites
T O T T U . S S
§ '-‘ . 0 T Specimen fm (GHz) dm (mm) R.L.(dB) Bandwidth
3 =W \ : (GHy)
| ] =]
% 20 4 \ . Ei j Synthesized ferrite
= “a g7 Without heat treatment ~ 9.15 3.07 -3238 0.74
x© \ " \! 2.52 5.43 —35.62 0.85
40 4 [
1 RL=-4335 RL=-4371
: ()=31dCHz  ()=943GH: Annealed at 500C/1h 9.43 2.13 —43.71 1.10
T (esstam ()= 13mm 3.16 5.92 -4335 1.16
50 L e e B e A Annealed at 900C/1h 8.89 3.42 —29.47 0.69
2 3 4 5 6 7 8 9 10 11 12
Frequency (GHz) 2.27 5.65 —31.03 0.73
Fig. 9. Absorption characteristics of thed¥Zng sFe,04-TPU composite Commercial ferrite zgé(7)2 53623 :g;zg 8;8

with maximum attenuation. (All of the synthesized ferrite was annealed at
500°C for 1 h.). 2 For R.L<20dB.
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Table 4

Reflection loss of composites made from synthesized doped and undoped ferrite powders anneald far 300

Specimen R.L. (dB) Location of maximum R.L. (GHz) Band wi(eH)
d=2mm d=5mm d=2mm d=5mm d=2mm d=5mm

Co-doped NiZn ferrite —-30.74 —42.51 1118 5.14 0.34 0.57

Cu-doped NiZzn ferrite —27.61 —37.07 1052 5.58 0.21 0.43

Mg-doped NiZn ferrite —-23.41 —29.32 1017 6.04 0.12 0.46

Undoped Nizn ferrite —21.52 —24.34 952 5.82 0.10 0.33

2 For R.L<20dB.

to large hysteresis attenuation and absorbing behavior. Ourrite around 35-45 nm exhibit higher reflection loss than both

experimental results agree with this perspective. those of micro-sized powders and those with size less than
On the other hand, when the¥ion (M=Co, Cu, or 25 nm. In addition, the Co-doped, Mg-doped, and Cu-doped

Mg) substitutions are introduced into the sublattices in the Nizn ferrite-TPU composites have more effective absorption

reversed NiZn spinel ferrite, it may occupy the octahedral effect than the undoped one. These composites could be de-

sites in replacing the Zi or Ni2* ions due to their nearly  signed to be more negative tha20 dB in a frequency range

the same radii. The strength of the superexchange interac-of 2-12 GHz to be able to become promising materials for

tion can be reduced whereas the magnetic moments can benicrowave-absorbing application.

improved, resulting in an increase in the spontaneous magne-

tization[27]. Some researches have been made also to verify

that not only can the saturation magnetizationkhd coer-  acknowledgements

cive force H¢) of NizZn ferrites be enhanced by substituting

a portion of Zrf* or Ni?* ions by divalent metal ions suchas  Support for this research by the National Science Council
cobalt, but also the initial permeabilif§—9,28] In this work, of the Republic of China under Grant no. NSC 93-2623-7-
for the Co-doped, Cu-doped, and Mg-doped NiZn ferrite, the 014-005 is gratefully acknowledged.

permeability and the hysteresis loop can be modified due to

the presence of these dopants, which are in agreement with
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