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Abstract

Aiming to address the issues of high cost and poor adaptability of traditional microwave-absorbing
materials in desert environments, this study used fly ash (an industrial solid waste) as the matrix
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and carbon black as the microwave-absorbing phase. The Box-Behnken design combined with Re-
sponse Surface Methodology (RSM) was employed to optimize the preparation process of carbon
black/ceramsite composites. Taking carbon black content, sintering temperature, and holding time
as variables, and reflection loss (RL) and compressive strength (CS) as response values, a highly sig-
nificant quadratic regression model (p < 0.0001) was established. The results indicated that carbon
black content had the most significant effect on the microwave absorption performance of the com-
posites. The optimized process parameters were determined as follows: carbon black content of 18.5
wt%, sintering temperature of 655°C, and holding time of 11.5 min. Under these conditions, the cerams-
ite achieved an RL of —25.3 dB at 10.2 GHz and a CS of 3.0 MPa, with the relative error between the
predicted and experimental values being less than 5%. This composite exhibits excellent strong ab-
sorption capacity and wide bandwidth in the X-band, along with good mechanical properties, making
it suitable for the development of low-cost radar stealth materials.
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1. 518

A LA R IE(SAR) A B/ R 5 A RIGWISERE )1, S HEF B EF M B B, L HAERBsE
6 2 DR A [X ek o AT JEL AT I B AR B AT (RCS) I O 3644 B SR T AR A7 RE D I OC 8, HES) 1 IRk
MEHOWE UG . £ F FRBn s s, SRR g AR . Simdr k) IR % B K (B R %
fE >4.5g/lemd). il % BAS (AR E TN AR 10 J3o0/kg) B IBEE N % 2 (R iR 2 Ak . bR 5 5
) S5 v B, e DA R S 7R oR [1] [2]. PRI, TR “ARiA. BEfh. Jesifh. miEnc” s
BB Z AR A 0 T T

Tl [ PR (At K AT A ARV B REE R, R BRI B AT AR A el
REARFER, HeE “LURIBIR” B IR S FERMR AR 3, 3 47 SR BN WA R e A AF 7 B A
SR, AT [ PR LA RO AF AE BB VRS e an SR [31 LU AR . BT A N IR, I RGBT
Fy%E SiC/FexSiv/IC/IMullite B &1A R, 7E 11.2 GHz 4b5281-22.5 dB 1 S R FE(RL), A R i % (EABW,
RL <-10 dB)i% 3.2 GHz, {HATRMFIERIEIY 2.5 MPa, JCiEASZ BRI b bl SR F R 2 08[4)
BB A EEMEL, B¢ Ni-Zn BAERAGHIAFE, 76 11.3 GHz 4 RL W%{H5-18.7dB, EABW 2.8 GHz,
HNPRVER AR (41 3R S B W B S e R UL EE T, 12 GHz DA b s diiB RL [alJF£-10dB BAE, 5
WS R S Uk

7EHAD S AR R A, SKHZE[1] LA (30%) A7 58 (5%) e /K e 36 A RE, FI R 10 L
AR B S2 8, 1 2.65 GHz (fRAHEY) SZIN—40.84 dB (MK RL, (H3Z2/KJeIEARI AL R &1, VLT
JERE ik 36 mm,  H. X B4 (8~12 GHz) EABW 1X 1.44 GHz, ki /e Hikkaty “w#Al” Tk, Jror
E[S1LAARTE N IERL, 18 Fe,0s/MnO, Pl % Bk 24 A, 7E 12.5 GHz 4t RL I§{f15-32.4dB, EABW 4.8
GHz, FHIRJesmistE(pH = 12.5) F UL FEh BRI R, BRAPURIREN 2.3 MPa; i 52 &4 [6] LUK
FCC AL N AR g K, 7F 8.5 GHz 4t RL I%1-32 dB, EABW 4.2 GHz, {H7T 1200°C &k
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Be, ReRERUE HARTT R 722t ae k. thsh, FEALE[T]N BN B ERL(RL = -17.9 dB@10.8 GHz,
EABW 2.3 GHz)[A B pli/r # 2h K S EUERe AR e M 22, RIS [8] MR Bk 5 -FesOs H & R(RL = -21.6
dB@10.1 GHz) 77 1E FL I 45 & 25« A AR5 1 oK B8 E 55 vl 8 [ 7] [8]

T SRR A (e BB BT 44E) 55 1 B 2 6 T G s A AR, (H o BPE S F B P A0 02 o0k e &%
[OIFERRIEM A LR g, B - RS R 2616 R(RL = -23.4 dB@9.4 GHz) EABW X 2.8 GHz,
DAL REA L s SRR FAE[10]HF Tk SR IB X KPR b KR, I 5 wte sk FART A4 BL7E 10.5 GHz 4t RL
=-15.2dB, {HULE/ZSFiL 25 mm, HiE#iE EABW X 1.8 GHz; XBH#RZE[11]14 % BB 5 R Rk BIH 2 4,
B PER R R (DR SR AL 85 MPa), {H RN J5UR} 84S 51 (2 200 Ji/kg), HELAIARALRIH o A IPHESE
[12]7E PR AU L iR I, R - BRAUAE &K R(RL = -30.1 dB@8.7 GHz) % %1k 2.8 glem®, =T
BT R(<2.5 glemd),  H A M Bk AT AT TRE ik 1) 5L

M) 1. T 925 (RSM) A g v 21 22 TR R A AL T 5L, T3 B A B 4 7R T 2 S 40R) 128 HAE o Box-
Behnken #t i1 (BBD)H JE 77 B ih B F il ZKF . SREQ AR s pIe s, O 2 B TRk & T 24k
[13] [14]. F¥EETEE[14]05T BBD AL E &M M T2, UFSLiZ7 ik nl i s B B 5 2 1
Bt PNEELE[L3]3E I A B TR BR DS SE S R R T2, N Z R AR T 751k 5%(15].

AT R BEI NFEAR R 2 K B R, AR 50 Je/). 7% BB N A dRkEAH, K] Box-Behnken M
RTS8, RGIRTTR B (A FREETEE(B). MR 8] (C)X Fa ki S S B FE(RL) 5508 58 (CS)
MR . I R RN, IR R R A BAE LS, R L2, BRI B A
WA R “ORe - D1 R AT . TR ZE . BRSNS R A L AR B R
(R RRASEAL i) 25 SR LB IR AR B 5 S 06 S 4

2. SEWERSY
2.1 FER5R

ST L FURM R K (BT IREE ), fF S GBIT1596-2017 11 Zebsift, A2 misr Wk 1),
R (R RL TR 8T, SIEFRE% 22.5), N330 R EB(RHEFFAF, Gt /EERMmA STSA=80m?g, 4EH
T HER T R YA DBP = 100 cm¥100g). A5G R BT KH-550 (43 4r4i) A 24 48 [ Ak 275
AR F R o

Table 1. Main chemical composition of fly ash (wt%)

= 1. MERMEZEWFR S (Wt%)

| %N SiO2 Al203 Fe20s CaO MgO K20 Na20 Do N

B i (Wt) 52.3 28.7 7.4 3.2 1.5 1.8 0.9 4.2

2.2. HmblE

R BRI & T 202 R ARG FRE ., JRA . IR SR

(1) ERITIALER: FyHEK4: 200 H M. KitSmimr. TG, 172 R E R D0 <20 um.
B 10 wt%lt) KH-550 ISR (LB AR £ 95% I T4l 1%, % 5% % 277K, fRiE KH-550
Foor KA T 50°C R A AL EE 30 i AT R IEI L, DA A L HE .

(2) BB SR G %S EERRBUR A . kG AN et BB . SR XU s P EEHL TR 10 204,
WRIGHIKEE 0.23:1 4 =N EEFK, 18R 15 58 2IRE 55,

(3) itk Hkedk: WAREEOLABIEERIE(NCEE 250°C, HOMEE 100°C) 4 AR .
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R %

R RUpoR: B T AU b, AR BBD SEIR TR (R 2) B AU EEMIN [RIEATBe4s . Bedtn B v
HME=E, 53 HRERRF .

Table 2. Factors and levels of the Box-Behnken experimental design
5% 2. Box-Behnken SEI& & H A ZE 5K T

FIE s K
-1 0 +1
e B B (Wit9) A 10 15 20
IR FE(C) B 600 650 700
PR IGLIN 8] (min) C 5 10 15

2.3. LIt

AHIE 55K ] Design-Expert13.0 #cff:, 3T Box-Behnken it 53, ¥it T 3 KK 3 /K FHISLI T %
DU BB (A) RAEIEE(B) PRI A)(C) v FI B &, DABHO S S 45006 (RL) AL S 58 52 (C'S) i N AH
REHAPRT WLE 2.

ST FRRAT 17 A58, A 5 ANl s TN THSEE R 28) . S0 T R RS RN 3.

2.4, MK 5 FRAE

TR Bt K MR AE i 5 A % 7:3 R LR G, I SAME 7.0 mm. AR 3.0 mm (1 [H]
HIERORIREE . KR EME 2 HTI(VNA, AgilentAV3629)7E 2~18 GHz A= Vi [ P sl RE i 1 B 2 31
(S11 71 821), FriEid LI it 5B H R AT HFE(RL).

PrESREMER: K 77 R8RS ML (Instron3365) M1t S AL B ks 1 pr s 5 2, Ii#GER N 1 mm/min, &5
FHY 20 Fi A MR S 38

3. &R 57He
3.1 BRI EAES

HIH Design-Expert #EX 4 3 S B0 BE AT 22 o0 Bl &, 15310 1 DLSUHBRURE(RL) A7 H 88
(CS) Ay AR A — U 2 TR AL 7 7 -
RL =12.67-1.08A—0.052B —0.1175C +0.0175AB
+0.015AC +0.0025BC +0.0425A% +0.0001B? +0.0044C°
CS =-10.86+0.4625A+0.0374B +0.0775C —0.0025AB — 0.00125AC
-0.00025BC —0.01525A% —0.000028B2 — 0.00285C>

)

@

Table 3. Box-Behnken experimental design matrix and results
Fz 3. Box-Behnken ST A REER

Run  A: JRKEEE 2 (Wt%) B: I®EE(C) C: If[a)(min) WM 1: RL (dB) W37 2: 58 FE (MPa)

1 -1 (10) ~1 (600) 0(10) ~125 3.2
2 1 (20) ~1 (600) 0(10) ~14.2 2.8
3 ~1(10) 1 (700) 0(10) ~11.8 2.9
4 1(20) 1 (700) 0(10) ~135 25
5 ~1(10) 0 (650) -1(5) ~12.0 3.0
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6 1(20) 0 (650) -1(5) ~14.0 2.7
7 ~1(10) 0 (650) 1(15) ~115 3.1
8 1(20) 0 (650) 1(15) -13.8 26
9 0 (15) -1 (600) -1(5) -185 3.1
10 0 (15) 1(700) -1(5) -17.0 2.8
11 0 (15) ~1 (600) 1(15) -17.8 3.0
12 0 (15) 1 (700) 1(15) ~16.5 2.7
13 0 (15) 0 (650) 0 (10) ~25.6 3.0
14 0 (15) 0 (650) 0 (10) ~25.0 3.1
15 0 (15) 0 (650) 0 (10) -25.8 2.9
16 0 (15) 0 (650) 0 (10) ~25.2 3.0
17 0 (15) 0 (650) 0 (10) -255 3.0

MERLHEAT T 253 BT (ANOVA), 258 L5 4. T RL RS, H F {4 125.36 (p < 0.0001), FKAAHL
RUEARN HL I 3%, R30I F {509 2.85 (p=0.1653>0.05), A&, HHIBRLE RIF, RIEERETHN.
TR B B R E RE(A)R? = 0.9843) 5 Tl i 1€ 5% (PredR? = 0.9423)#:ix H¥K T 0.9, RUIHA A A
e JEE PRI B AR T

X SRR B E T R — I A ORFE & &, p = 0.0012 < 0.01)F1 KT A2 (p < 0.0001)%f
SR AE(RL) I SEMA A G B2 —YRIi C2 (p = 0.0345 < 0.05)HISUMAE 3 1M —IkKWi B (B45IR)%, p =
0.8105). — ki C (fHIEAF 1], p=0.5886). ¥k B2 (p = 0.9525) L) % il 22 H.Ii(AB, AC, BC, p > 0.05)
PIARRBUH BE MR,

Rl B FEXS RL 520 BR/NBT R A GREE & &) > B (K45 IR ) > C (PRIEITTR)) . TI&N, B
TR RIS R B O B R R
3.2. MM E ST 53X EER

W7 T P L T O PR 8- DR 2 X i 2 PR 5 0 B L RIS ELAE T o 1] 1) o 17 #E ORAE I TR] (C) [
SEN 10 min I, R BR 5 B (A) GRS TR SE (B) X S 1A (RL) AU S LS o W 7 1T 2 BE , R R R 5 B
AR RL MRS, X 5T 20 A R Bl B R RS B 10%38 02 20%, RL R 2 PR AR (2 Xt
HIGR), X2 TR BIURL T LRI T i Ms, o 1A riBiFERE /. ORI, AR R R R
W5 A TR, AT RES FHGTRBCINRIA % . Beaiih FZ ORI 7 22, {EAE =B (>670°C) RL PERER T Fi
%, ATRE SRR A K.

Table 4. Analysis of variance (ANOVA) results for the reflection loss (RL) model
4. REHFERLRBENFE DTSR

KR gl HHE ¥ F1{E p{E BEM
iR 384.65 9 42.74 125.36 <0.0001 WE
AR ESE 9.30 1 9.30 27.28 0.0012
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% %

B-IGE 0.021 1 0.021 0.062 0.8105
C-Iif ] 0.110 1 0.110 0.32 0.5886
AB 1.23 1 1.23 3.60 0.0994
AC 0.090 1 0.090 0.26 0.6232
BC 0.0025 1 0.0025 0.0073 0.9345
A? 230.30 1 230.30 675.68 <0.0001
B2 0.0013 1 0.0013 0.0038 0.9525
c? 2.28 1 2.28 6.70 0.0345
Vi & 2.39 7 0.341
SR ALLT 1.79 3 0.597 3.27 0.1653 ENTE
afiiR %= 0.60 4 0.150
vl 387.04 16

¥E: R?=0.9938, AdjR?=0.9843, PredR?=0.9423.

T3 220 B B W TG 8 SRR W], SR B (A) A2 s P AL TRl IR SO RE PR B R B PR 3R (p < 0.01) 0 X 2 2
& KR SRAE O T ARRE I, S B G N Bl A8 28 G ) B bk (A o S RO 5 35 1) 3 LR 25 [11], A
T117 3 S 6T FLL R0 R R ARHABRE BE 77 SR, 5 B v (3 20 wioo) iy, S SRR 1A el 3 s g (UL
1(a)), XATREIE T A RER LIS A o2 (BT R B R,  BOE 2 ARG AR 2 4 L% SR T ik
HEAMELAEL

—1-12
T )4 ot T
© I K AL
. 1(10.0. 700, -11.8) |
(18.0, 690, -24.8) [ 14
|(15.0, 650, -25.5) .
(10.0, 650, -12.2) }, | o e
5~ : . - Q
P F 9 | lus.0.700, 17.8)| .16
Lo 29 : (20.0, 700, 13.5) |
X (16.0, 680, -25.5)
10 - L= —
B! o (20.0, 650, -13.8) /3
1(20.0, 600, -14.2) [ e 18
(15.0, 600, -18.5) —
15 s @
) =
s = / =
-
4 -20
-20 —
-25 — -22
Pl
° -24
18
TS (% -26
500 B (W) 22 . HE (°C)
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Figure 1. Response surface plots showing the effects of various factors on the reflection loss (RL): (a) Carbon black content
and sintering temperature (with holding time fixed at 10 min); (b) carbon black content and holding time (with sintering tem-
perature fixed at 650°C)

1. EEREMNRHFRFERLEMAMNEE: () KEBSESKRERE (EERE 10 min); (b) KBS ESFRENIE
(ElERE 6507C)

L(b) 2o T A4S i FZ (B) I %€ 9 650°C I, i 3 25 B (A) M ERAELINS 18] (C) IS ELAF Y ol T 4 S 25
BT AR, T PR AR 18] 75 [0 A A AR B0, R W LRt v [RD X RL RS2/ =N R 2R e g9 10 - 42
KA ORI I 18] B T R A B G A B4k, E PR I (8] W) g S B0 BAE mil Tt — 2B, AT
HI S5 HARFERE /1, B BNE RETE IR o

3.3. BRMMSHIUFSLE

AW FE I H broAd 3R 15 /N O AR FE(RL minimize) Fl K& 38 % (CS maximize). #f Design-Expert
BB EA R, VOB EMRE, ARG H T2 NMMTT R GaEEMEERE S S Eee, %k
BT RN REBESE 185 with, K45 655°C, {RiRMIE 11.5 min. EMAET, BRI FMNE
y: RL=-26.1dB, CS=29MPa.

NBAEAE R ] SV, LR T ESEGRAT T 3 ARSI . AR T RO B FE N —25.3 dB
(@10.2GHz), “F¥HuEHEEN 3.0 MPa. FHMlI{H 5 SEIeEAHX R 2 /N RL %% 3.1%, CS %% 3.3%), 1iE
ST A S A VN TR A AR e 8 A TR e R PR P ) £ L2 S VERE 2[RI R R, HRAK A, SR2 T S RN

3.4. SNBEREEKMEEEREXEL

Rl AT TR R I 2 G VR RE, JE T IUA R ISR R T, R b M RE TR bR B B O 5. X
E A ml e (1) "Rk PERe T, AT EABW (3.5 GHz) 7 o X e BAZ O X35, 48 T-HEAT £ 3£(2.8 GHz).
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R %

A HE(2.3 GHz)M 4] [7], H RLmin AR TZRUeBp R}, (HkE G S SOl /s (2) S ERe )y
T, 3.0 MPa [IHT I 30 = TR K - BEAT A 3£(2.5 MPa). 7RJE%:(2.3 MPa)FF R3] [5], I d fic BF APk 2,
TR (3) MATENM, TRMRALLY (NBARE6]. SR EUIA12]), BRgsiR (655 C)E T % FCC
fEALTTIFEATEH1200°C) [6], FFARUBAL AL 7K .

Table 5. Performance comparison between this work and existing solid waste-based microwave absorbing materials

5. AR SIMABEIEE TR R REXTEE

W5k & RLWn EABW LRSS %P PUEsmE FEK
(dB) @4% (GHz) (GHz) (mm)  (g/em®)  (MPa) A%
AR FROBER + R -25.3@10.2 35 2.2 2501 3.0 s
WK + ERFA + Sic -225@11.2 3.2 2.8 2701 25 %
W+ AE + KR —40.84@2.65 1.44 360 24+01 353 H
F7Je + Fe203 + MnO2 -32.4@12.5 4.8 2.2 2601 23 %
e RAPBARLIKRE S M, ARSI T R E

4. #hig

(1) SKHIma R EH Y Box-Behnken it BEINLAL T ok B BRI MR B2 & AR il % T2, Pired
SLA IR 2 TR IR 3 (p < 0.0001), ARAUTIANE 3 (p > 0.05), U E RE AdjR? =0.9843, K IR
WA R, MRS,

(2) & LESHONFRLR ST FERZM 1) ERT . REBEE >> Bg5E > (RIREE.

(3) HIBARMAB BRI T ESEN: KBS E 185 wt%, K45iR% 655°C, FRIEA A 11.5 min.
BOUESEIRSE AR, TEMRAT T Hl & MR REAL . 7E 10.2 GHz AbRH0IFEIS-25.3 dB, HLEIHEEN
3.0 MPa, STiIMEVIA REF.

(4) AHIFFEUESL T Wi 2 THIVEAE A IR I ARk 46 T2 I et Fn ] S, D IF R bR IR 1)
TR TR IS B Sy AR At T B S IO HE AT B R KA

5. ARAFERRE
5.1. fARARE

AHIF T I o 8 TS D ARAL TR SRR T2, JFEL 1SR TR . (H AU e A
WSIREERE, AN DBGEZ AL, ZIRT A LR, AR FEARR A T2 % K H R AT i
TR G MM RAL TAR,  BOB 2 NE BB SAHEM BRI, R e B 2B BRAE PR 5t
PR BORES QR B AAAERIE . FRMEZ MR T H5). WA N LR R3S 7 AR s (LA R
N ALBER) SRR BONE R, TIX RO S S H 16 R AR R S R B RE RO 0 (R
=, SECHEIN “TE - BOWAH - IRPERE” MIROS R IR Z B A S S
5.2. RFKRE

ST OB UGS, JR SR N=ANTT R — 7, SIS i T B BT (SEM) WL SR M ki i 1 14
WOIES, 4 & RS 0 T (EDS)RAL R RN TR 70 A, W R B ik 5 T Z S MU 5cHk; AIHEN 1
T (TEM) TR -5 BRI S 45 AR A o S A BB AT L . — o2, I SO
- Wt PR B M B R A LB A5 A S (LU R TIAR . FLAR 0 AR), 45 &/ s a8, B o M fLBR 45 4

DOI: 10.12677/ms.2025.1510199 1875 MR 2


https://doi.org/10.12677/ms.2025.1510199

XEATRHEITUL RO P Ao ma R, O il R 4 LB AR IR R PR AR . =, AT sl AL T fE
BURHUnTENERIURE « BRONAKE 5) 5 R RS, A FLASRE S BEAGURE (1 Dl ) ROREE — 28 SR TH AR I 98 AR
Betkfe, FRREMREAR FBRAIE G ER . & %) NRPERRRENE, AT S I
B R I 5 B L B 5E A«

EHEWHE

LT T BRI (RS 5. JY2023B058).
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