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Abstract: Flaky Fe.,Co,,Si (atomic percentage) magnetic powders were prepared by quenching fastly combined with
melt-spinning and high energy ball milling, followed by phosphorization with phosphoric acid alcohol solution. Effects of the
concentration of the phosphoric acid solution on both the electromagnetic parameters and the microwave absorption perform-
ance of the FeCoSi powders was disclosed. With increased phosphoric acid concentration, both the real and imaginary parts
of the permittivity decreased, while the real part of the permeability experienced subtle change with slight decrement for the
imaginary part of the permeability. What’ s more, enhanced reflection loss ( RL) has been achieved with increased phosphor-
ic acid concentration. The sample after 20% ( mass fraction) phosporization exhibited optimal absorption with a minimum RL
of =33.4 dB and a broad effective bandwidth of 5.2 GHz at a small thickness of 1.6 mm. The magnetic powder exhibited
large natural resonance frequency due to the enhanced shape anisotropy after ball milling. The natural resonance frequency
further improved with increased phosphoric acid concentration. The phosphate coatings fabricated on the surface of the pow-
ders after phosphorization not only effectively improved the impedance matching by increasing the resistivity and adjusting the
permittivity of the material, but also enhanced the interface polarization by introducing interfaces between the powers and the
phosphate layers.
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Fig. 2 X-ray diffraction patterns for FeCoSi powders under different

preparation parameters
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Fig.3 Real (a) and imaginary (b) part of the complex permittivity and the dielectric loss tangent (c¢), together with the real (d) and imaginary

(e) part of the complex permeability and the magnetic loss tangent (f) for the samples phosphated with varied phosphoric acidconcentration
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Fig. 4 Reflection loss for the samples phosphated with 0% (a), 10%
(b) and 20% (c¢) phosphoric acid
B, MRIEZINE, & R R,

p £, T &y o

= ————or + (3)
1+ (w7) w g

Kb, e WESHHREE, o, HOCHN B EE, o B
W, 7 IR, o MR SR, e M EAE A HLE
., ms(3) I, MBS &l LU R 2 AR Ak i B R
FILFEEH . S b B, RN 2 T AR B R AL
I SR E REAR, JF HBEE B BN N, ik &
T PR B ER IS Ak 2 g i, i o ik — 2D i,
U, WENY & Bl W R TR E (B84 TN I A A, AR Al Al JR AT JR
g .

(5' _5 ;8j F(e)? = (85 ;Sj (4)

RPN, WRRTRHE & R & R IR DT, AR R AR R
(&'-&") I BRI, UEII BB P A7 6 A A st 7t
e, Hoh — A2 X — Dt B, &S5 il T
FeCoSi & &ML FE S 1Y &'-e" &, &l Sa g2 8L T

—AER, LR EBLARE A7 — DAL S T
M 5b Al 5c Hr g2 3 7 P23, BB A Ak
PR FOAE L7 AE PR AL st G i R PR R X TR
PEBIRER , BRALAE D A5 R 8 2 18] ) B Tl ke, 22
WAL S BAE A P T R £k S A =2 ) ) A TR A A A
o Zrb, Ak PR o 6 R 3 T 8 FL BHL A 0
MREh)Z, —IT MRS T APRHAG SR, TR T AR A
R 3T AR RE RS LA TR R SR, SR T A
B AL R AT

08}

04}

17.2 17.6 18.0 18.4

08}

06

04}

02}

116 11.8 12.0 122 124 126 12.8
’

&
5 A [R] v B i TR i Ak A S P T JR-AT R T 6. () 0%, (b)
10%, (¢)20%
Fig. 5 Cole-cole curves for samples phosphated with 0% (a), 10%
(b) and 20% () phosphoric acid
W AR RE A FE T BORIE TR BRE . BRI
DA R AR AR 2 1 e g T IR TR RE R B C, SR f
FISEER, LARAE IR S FEXT R FE 1Y s mk .
Co=p"(u')f ! (5)



o533

WRAE B A5 . FeCoSi 5 < Wb Wik A0 Ak P K o 30 FRL O P 165

WME 6 FiR, 3FEESh I C ¥R £ 781k & A 3 K 7R
b, FUIRIFE FZRIET A R R s s LR . A
SRIEHR— B & AE ARV 10 GHz LAR, A2 3k 4@ )
PR B AR R Y, AR 3 b, RERRE A LR 04
PRAI AL 6~9 GHz, D] LAIA Ky g 45 #E 2ok
H T E AR, XHT2RERIE M FeSiCr'™' | FeCo ™' Hl Fe-
Nil ™ A ek, HARILRITRTE 4~6 GHz MR L H
P, TR AR A FeCoSi Hf A H A7 T &5 A9 H 4R JL R M R
(=6.8 GHz) , X/ZF NERELR 20 R EGH B A B K
BITARAS [ S b, REAS 281 Snoek Mz PR, MR G2 e dh
PRABAY | SEHRAR T LR A

/= %[Hc + DszJ (6)
Horr, vy, ABEREE, kNSRRI R L, H g m g
M M RREARSR L, D L R o 3K (6) 1y H, TOAS
BT HARSEIRAIA . IR 3F AT LA Y, BEAE B mR R
This, WEARFEA BRIt B A ARIRIGETE S35 10 32 30
TR PR B WA T B T, A ™ A B R A R
W2, BORBTBUI RS A, AT A AR IR R
E— A

—=—0% H,PO,
0.1 —e—10% H,PO,
——20% H PO,
(2}
£
-
3
EY
0.0

2 4‘1 é é 1‘0 1‘2 1‘4 1‘6 18
Frequency (GHz)
Pl 6 ANIm]ik BERERR B ALRE i A TADRE R B S MR E R
Fig. 6 Eddy current coefficient as a function of the frequency for the

samples phosphated with varied phosphoric acid concentration

h T ARAERE O LRGP RERE ), TR T RN
A o™,

J2mf

o= —+
C

(,U,”é'” _M/ 8/) 2 + (M/ 8” +M//€/) 2 (7)

NEL7h AT, B W R TR B AR T, FE SR o BN,
R NSEBRINAT ) RL W M BB SR I AR A 2012 209% 7k
FERER LA RS A TPz L, 1R
TR —ALHS (Z2=2,/2,) . & Tc F1 7d 43502 BH
PUSEH(Z7) FUBER (Z7) b SR AR L i £ 1, 2 773k
1 H 7278 0 BRI BLSE VL, MR AT LA ST 4 ik
ARRE NE Ta AT AE L, 209 B BB TLRE i fie 422

ICRHPLVCHEL, 7F 14.30 GHz Kb SEHR AR BTVCEL, Hi%
WAL RL AKX TR & b ab 2 LA K 109%
PR AL AL B RE i, JLPHPTIC Ao d 22, LR REIEAN 5
PEARERINES, RIEAT R o 7R KR B A R0 #E L R
B Zib, FEREEEEA RS, AR BS BEEE, f
riChcrs st , Fm e g, H AR IR R
Fhi, XSS RILEEN, i 20% B R o AL AE 5 B 1
R A OB R PR RE

(a]

0T 0% H PO,

—e—10% H,PO,
| ——20% HPO,

Reflection loss/dB

Thickness:1.6 mm

Attenuation constant o

Real part of Z,Z"

Imaginary part of Z, 2"

z 4 6 8 10 1z 14 16 18
Frequency/GHz
K7 R SURRFE (a) , IR EL(D) , IH—ALREITSEHR (o) FILE
HR(d) BT AE AL
Fig. 7 Frequency dependence of the reflection loss (a), attenuation
constant (b), real part (¢) and imaginary part (d) of the nor-

malized impendence for the samples



166 Hh [ b ekt %40 5
. 2010, 33(5): 633-636.
4 % i N - . .
[12] FENG Y B, QIU T, SHEN C Y. Journal of Magnetism and Magnetic
S o A PR 31 EBR B 4 T 08 PeCoSi IR & Materials 1], 2007, 318(172) §-13.
[13] YANG R B, LIANG W F. Journal of Applied Physics[J], 2013, 113

SWERY, SR FHAS IRV B Tl R 0T R A R AT AL A B B
Y W A T i O T vk R ) T v TR T, 209 (5 3
B0 e FE W R W AL AL BB B S B AR A RO W M e, AE
1.6 mm SRR, RL AF|-33.40 dB, #FeikF] 5. 20 GHz,
1o REEREE S TN T REA H IR 45 1) S i (R o LA 3
Y SRIEARAIR  H SR T 04 1 % Bl 2 B R VA R 1) T
M —2 B i, Wi Ak A 3 i 7R R 3 1 AR B R R
R B FEAR T AR A R A, o TR Y
FHBTPCEL, [ st s 7 4f & i R i dl Ae VR .

S#EHE  References

[1] CHENZP, XU C, MA C, et al. Advanced Materials[J], 2013, 25
1296-1300.

[2] QPR X022, e, S5 MRHRIR[D], 2013, 27(17):
74-178.

[3] AITKEN R J, BENNETTS L E, SAWYER D, et al. International
Journal of Andrology[ J7, 2005, 28(3) : 171-179.

[4] FREY A H. Environmental Health Perspectives[J], 1998, 106(3):
101-103.

[5] LANDY N I, SAJUYIGBE S, MOCK J J, e al. Physical Review
Letters[ J ], 2008, 100(20) ; 279-282.

(6] WHMfE%E, WhHasr, T4, WAUTH[J], 2003(10): 56-60.
XIE X J, CAO Y H, WANG L. Aerodynamic Missile Journal [J],
2003( 10) : 56—60.

[7] TAO H, LANDY N I, BINGHAM C M, et al. Optics Express[J],
2008, 16(10) . 7181-7188.

[8] XU Y G, YAN Z Q, ZHANG D Y. Applied Surface Science[]],
2015, 356. 1032-1038.

[9] WANG G, MA L, CHANG Y, et al. Applied Surface Science[]],
2012, 258(8) ; 3962-3966.

[10] MOUCHON E, COLOMBAN P. Journal of Materials Science[J],
1996, 31(2) . 323-334.

[11] DUAN Y P, 11 G, 11U L, et al. Bulletin of Materials Science[]],

[14]

[15]

[16]

[17]

[18]

[19

[t

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

(17315) . 1-3.

MACHIDA K I, LIU R J. IEEE Transactions on Magnetics[ J], 2003,
41(10) ;. 3577-3579.

FU H D, ZHANG Z H, YANG Q, et al. Materials Science and Engi-
neering: A[J], 2011, 528(3): 1391-1395.

ZHAO B, GUO X Q, ZHAO W Y, et al. ACS Applied Materials & In-
terfaces[ J ], 2016, 8(42) : 28917-28925.

YAN L, HONG C, SUN B, et al. ACS Applied Materials & Interfaces
[J], 2017, 9(7) : 6320-6331.

ZHANG X, RAO Y, GUO J, et al. Catbon[J], 2016, 96 (C):
972-979.

ZHAO B, FANB B, XU Y W, et al. ACS Applied Materials & Inter-
faces[ J], 2015, 7(47) : 26217-26225.

LIN G, SHENG S G, QING D A, et al. RSC Advances[]J], 2019, 9.
766—780.

QIAO J, XUD M, LV L F, et al. ACS Applied Nano Materials[ J ],
2018, 1(9): 5297-5306.

AN Z, PAN S, ZHANG J. Journal of Physical Chemistry C[J], 2009,
113(7) . 2715-2721.

KIM M S, MIN E H, KOH J G. Journal of Magnetism and Magnetic
Materials[ J ], 2009, 321(6): 581-585.

LIU X G, GENG D Y, ZHANG Z D, et al. Applied Physics Letters
[J], 2008, 92(234110): 1-3.

ZHOU P H, DENG L J, XIE J L, et al. Journal of Magnetism and
Magnetic Materials[ J], 2005, 292. 325-331.

ZHOU C H, WU C, YAN M. ACS Applied Nano Materials[ J ], 2018,
1(9) : 5179-5187.

WANG G, PENG X, YU L, et al. Journal of Materials Chemistry A
[J], 2015, 3(6) : 2734-2740.

QUAN B, LIANG X H, GUANGB J, et al. ACS Applied Materials &
Interfaces[ J ], 2017, 9(11) : 9964—9974.

(¥ )



