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9190 °C, JRARIESE )Y 50 °CHY, FTERERAFZRISE & Ry, Eih-F
g . HAh, CF 78 PLA H1395) 08k, FTEIR CF/PLA B &M%
R 57 B 2 G MRAE LA I el - 72 i &4T ENIY CF/PLA &
EMER, CF 2 8UE 3D #TE1 PLA #, TER T —/NET 3D $1ED
FARMERC T EMZ . 2 3D 4TE) CF/PLA A MEHAER RN 50%
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PREPARATION OF 3D PRINTED CARBON
NANOTUBES/POLYLACTIC ACID COMPOSITES AND
THE PROPERTIES OF ELECTROMAGNETIC
SHIELDING MATERIALS

ABSTRACT

Although the widespread use of electronic equipment has brought
great convenience to human life, the development of electronic science
and technology has surrounded people with a large amount of
electromagnetic radiation, which has caused great harm to human health.
Electromagnetic interference (EMI) shielding can significantly reduce
and sometimes even prevent electromagnetic systems and devices from
emitting stray EMI signals into the environment. Therefore, there is an
urgent need to suppress electromagnetic interference pollution in the
research of effective electromagnetic shielding materials. The
construction of separation structures in conductive polymer composites
(CPCs) is a promising strategy to improve the shielding effect of
electromagnetic interference. In this project, different conductive
polymer composites are configured, different structures are designed,
and 3D printing composites are prepared with the help of 3D printing
technology to meet the requirements of electromagnetic shielding
performance in different electronic devices and radiation sources. The
specific research contents are as follows:

(1)Carbon fiber powder/polylactic acid (CF/PLA) composite
filaments were prepared, and three-dimensional (3D) printed CF/PLA
samples were adjusted with different filling rates, structures, thicknesses
and carbon fiber powder (CF) contents. The results show that when the
printing temperature is 190 °C and the bottom plate temperature is 50 °C,
the interlayer bonding of the printed parts is good, and the surface is
smooth and smooth. In addition, CF is uniformly dispersed in PLA, and
the modulus of the printed CF/PLA composites is improved compared
to the injection molded composites. In the final printed CF/PLA
composites, CF is dispersed in the 3D printed PLA, forming an
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interconnected conductive network based on 3D printing technology.
When the filling rate of 3D printing CF/PLA composites is 50%,
combined with the grid filling pattern, thickness of 5 mm, and CF
content of 25%, it shows superior comprehensive performance, and the
shielding efficiency reaches 99.67%.

(2)3D printed carbon nanotube/polylactic acid (CNTs/PLA)
filaments with different carbon nanotube (CNTs) contents were
prepared, and CNTs/PLA samples were printed by designing different
pore structures and thicknesses. The results show that the performance
of 3D printed CNTs/PLA composites is improved compared with 3D
printed pure PLA composites. With the increase of carbon nanotube
content, the EMI shielding effect (SE) of CNTs/PLA composites can be
improved. The design and thickness of the cavity structure are beneficial
to the electromagnetic shielding effect of CNTs/PLA composites. When
the carbon nanotube content is 14 wt%, the hole size is 4.0 mm, and the
sample thickness 1s 6 mm, the electromagnetic shielding efficiency is as
high as 49.88 dB, shielding 99.999% of the incident electromagnetic
waves, far exceeding the commercial standard of 20 dB. The EMI
shielding mechanism of CNTs/PLA composites is mainly based on
absorption loss.

(3)Multi-component conductive material composite filament was
prepared, the conductive material was carbon nanotubes (CNTs) and
carbon fiber powder (CF), and polylactic acid (PLA) was used as the
substrate, and the total conductive material content was 20%. By
preparing carbon nanotubes/carbon fiber powder/polylactic acid
(C/C/PLA) composites with different conductive substance ratios, the
thickness and structure of the samples were controlled by 3D printing
technology, aiming to obtain lightweight and efficient electromagnetic
shielding samples. The results show that the mechanical properties of
multi-component conductive composites are better than those of single
components, and the bending properties of C/C/PLA composites are the
best when the contents of CNTs and CF are equal. In terms of structure,

compared with round holes and square holes, asymmetric structures



RT3

have a better shielding effect on electromagnetic waves than
symmetrical structures.

Dou Tiantian(Material and Chemical)

Supervised by XU Zhenzhen

KEY WORDS : clectromagnetic shielding, 3D printing, carbon

nanotubes, polylactic acid, Hole structure
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Tablel-1 Electromagnetic wavelength classification range and application fields

SR E Y AR ] P i .
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=
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HeaAmge (i

b A
Hb%

) WL, FRZNRSARFE; (3) ARSI AR
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Fig. 1-1 Electromagnetic shielding mechanism
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TZMIEZE, HBEILUTIE FesOs NPs MEA LSRG PANIL (FePA) {EJyHa] =
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BHATAN s IR BT /NI BEGURN RS G 7 SR LR M4 8 N BE, JF A g B3 1k
MRS HIR S G, BT A 6 8 45 A R FELRE IR R AR, H P B Al R e e
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Fig.1-2 Schematic of the fabrication process of sandwich structure FePA/LIG composites!*!]
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Fig.1-3 (a)(b) Diagram illustrating the fabrication of FeCls/CNTs/PVP/PU composite foam!3¢]
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Mif ACHE T E FR . ABS & T /e & Do, BRIAE, (BB M2, FTEIR
AIRE BRI Sk, HAS M. Rk, 74 ABS RN, 7FZSREUHEM
P i Tt SR 9 /D SO AN 0] R PETG DAL A T v o R0V A8 190 45 R, 325 B v
FMELF, ARG G THIERS . BB, PETG (13 B BRI FIPE AR
AL A AR IS S B A 2 N AT 5. TPU & —Fr R At prkl,
B TR 9E, SR T HIERET . FHLINEEE . TPU IR H B i R B 1 A HL A
BB A AN R SRR R T M . T PLA 2 DL A 32 B EUR
REFBNRBR RGN, /& —Fhnl V) B ) IR YE S RL, SRIE T 7] B A BE 0.
IR TENREAR. TEFEY, FIbAEE S THIEZAR S 2005 R — L
IHAREPEEAE . PLA FIRMRRFIER S T 00 TR%F AL, [ IL7E 3D FTERSIg /R 8] 7
ZRIH . A PLA MR, ASCE PLA 04 3D 4TEIEI3EM .

132 3D #TENEAREEEM R FRINH

BEE R )RR, 3D FTENHEARE S AR N B IR ETY e, H
RIALE T REE G S50 . D APRHNR 2 S5 filfb £ 7= . 3D 4T EIHARTE
SEMRFR I EZEN T LURSUR: (1) BRI, 3D 7 ENATHE 25
55 P B2 DRI AL R0 A% 0 7 12 DA SE IR B 2 2540, Ak & Jm B AT e o 2 &
MEL AT AR S, RIHRM AR, s ai MmN e RiEE, () "%
T AT, 3D FTERAT FHT-2E 7= 58 il A0 i 52 A 0 RE SR A R S 4 1 B Y 2
TR AT S 3 i 1 e FH 22 B 30, SR TR R 2 s (3D BRy7 4, 3D 4TH!
H S AR YA I 2 S EHE N AN S SRR, v H T F AR AT A B I
(4) 5 HA B, 3D FT BN T H T-ilis 5 G RH R 500 4 Ak BHE S A
IR AT e a R e L, SRTEIRIE A A (5) 3D 4TEIHIE R A MRS A T
AT LRI BE R H bR, £ s RE A% 3 R0 s T HilI&E R o i = A AR
HFERNSCHE, BT AN .

3D TENEEARIER AR IR 2, WRam s iR IR BT #5%.
W RF . BERAZARGENIR. FHARAAETHIEE R0 D IR RIS E
A=, HES) T EAEM BRGNS A b,

1.3.3 3D #TENF R 72 BB R4 B i St A . AR

FEHLME BRI, H TR E S T 2SR B2 3R
K24 3D FTERHERTESIE B AR 3, R #A1EAT T K&K, {§8h 3D
FT BN A 1) 2% v 14 B 1 EL R B i S A1 T

Wu ZE4SIHH] 3D 4T EIHEA, $TE1 CNFs/PCL #4F, 3D T EIS A2 S SN2
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AR CNFs 73 A AN 55], AEENRIBRETZ 18] 51N BRI (1) FEL L A 2R 1D PR A1
TEHRZEAERRSE, TS TEAERN - EENS, 3D $TEIR CNFs/PCL #
PERI LR EMI BERGIERE, EMI B iR % = 7T 18 58.7 dB. Wang “51%1H|
F 3D FTER 3 Bk E (CNT) /R FLIR (PLA) EAMEL, 185 17 H 1% ERe,
FHAEFTEIR) PLA 328 B3R F ONT, JERT NS, IR HE 5.0 wt%BROKE R,
H AR EMI SE &k 67.0 dB. Lee Z5POL@E I FA Rl Hr 22 %) 11 58 4 k-6 5
G ARLEAT 3D ATED, RS 77 X BB (8.2-12.4 GHz) YR, WFEEEMN
B TUART % BT R R (EMISE) A1 B PERE RIS . Ma 28 A
FEab TR . (FDMD 3D FTEIHOR, il HAH6 A 599K i (GNPs) I 3
B|YPR /IR o B 0-GNPs/PLA Ji i B 25 5l By 8 i) 46 1 TisCoTx it —
AU E, I B R HES IR, A8 o B 0B R BP0 B iR (EMISED
[ 53 TisCaTx/ (0-GNPs/PLA) E &KL
1.4 KiFBMAARABSFHARE AR B F =
1.4.1 IREARAS

HAT, mptmk 22 &R RN, MERER, AZIMT, mH
H G 8, £ BRSO G Rk B LB M R, A B B
BRE R . AR SCIRFE ] AW BRI S LR BRI, DABRET 4R« BRGIKE N
Wik, I H 3D TEIK 22, RFTHIE 3D AT EK 22l & T2, ik
iF 3D FTEHE LS, AWt 3D fTENE SR SR & &, dmig
E LB MR RE . AN, TR, B 3D FTEN AR 5 A 45 i 4 ]
TIROLE, FEUETAE GG A ES, B H A BE e e

(1) BREF YR /R FLIR A W4 BE R i 2% S 5 FEURE B i 1 Rt 92

AR FEATIEIS B H 3D FTENBRA 4R R AR E S EHC 22, $R78 3D FTEVIR
DA JECARCIEL BT 3D 4T ER & i1t e AL 520, SR I SR & i K 8 R AR B & 6
I3 E sl . A MK AT NS M, R0 3D FTENGS /R IH 78 %% CF/PLA
LI B R PE RE B M, T SR R AT 1 A A it . FECERA B, 2P
WL T 3D 4T ENSS MR I BRI R 5 S5 R PR 1 )R 5 DA B R 4T 4 oK & & xf ’L
fh R e RE I RZ R o B B2 IR IT 3D FT EORE HE A 4% DAEE = 2 A PR R B il 1 R

(2) BRAUKE IR ILIR AW RE ) ) 25 S . HURE 7 i 12 Re ot 9T

AR EFEATIES EH] 3D FTERGOKRE SRR E MRS 22, I A 23T B g
FfE, BR0F 3D FTERG R RGN E & X CNTs/PLA HLI 5% i VE R FR R i
HxF U AT T AT AN ie . AEBbIEat -, #3E—PHF 5 1 3D $TENSE f
1 J5E B oof FL B R PE R B 2, IR it — RYIFLIA S5 R, LU CNTS/PLA E4&
MR RGBSRl e RS, H 2t 3D FTENRE EER . A AT N E
G
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(3) TRAVKE Bk AT ek FR LR 2 G AR IR ) 88 e JFC Wt e i M Re A 72

FERTY = A b, B — 25 SR BUE i 2 45y, @i B & IRAKE ik
LYk R LR B A PORL, SO AN R T FA o AR, R 5 T FEURE BT A 1 RE PR
Mo B 3D ITENSER, Beitfilig AR ARES 1, IR U HL b BE Ik BE RS2 o
1.4.2 REAREX

HFIE SRR PP A&, R AT RSP ER] BRI, =4 7ok
Z RIS Je o IR R T TR FIE RS & 0 IR I8 5 . i BuE Bl ER
bb, R NARI Gl RAIE I . BUA BB R T EE T &8 . &8
A mEMEL SHES TS B S, 2 RHE AR E A
RGN, METHRERE ., Hopaa. Tt ae o 2l be v me i 52
WHoE. (B EARL 5 bl T EEVEZE, TR E A 0 B 15 F It R AN/ Fe
RESEAR e, BOCA T HLRER 4P M R AR S T R FA Tk %

3D FTERHER X RRIGA it &g —Fh AEC BRSO 2l 12 PR AR
& B BB SRR S RL, I B JE T BRI T SORME AR IR o 4w FL I 5E
W77 TH R FH 25 A T ) 6 v 2050 R WRIRE L 10 5 WA R ) T B A i . LA 4% 1Y
PR AN BB R R R O Y FRE B R R SR o BRI, WSS NTE, A
F 3D T B A i) % o RUOW 38k 28 EURE I R R 2 HITBI 7 FR F4 U RHE A

RIS SCERNIRYT T 3D T ERH AL B 57 oA ek i) £ S PERE 7 T K52, 3
ik B AN F S A ) 3D AT ENK 22, 5B 3D FTEIHAR 5E O AN Rl 45 MR
A IFTED, BRFUNS B R RE AL e . BRIk R EE R, 5] S ERETE 3D
FTENSE A R AR FE R A2, DASEILOL 57 10 H B i35 2R
143 REHAREIFT =

(D) witfLimgity, 158 3D TENEOR, SEIALIFRIARSAER 21, REmeH5H] L
TR AN A RTEAR . 7850 R 3D AT EREOR BRR AR 3S, W =S R EE AT &
HYCTE, SEM T LIRSS E AR DI, BESE T ANE A RL S L
BRI REZ IR R, FF ARSI 1 FERE B M B 25 & MR RE I T %

(2) B2 B RO RIS &, $l& B G JERE N E &R, 18
X EAR BTG AL, BRI A AR B LR B SO, 513 BRI AE 3D 4T
ERE SR SRR AT o SCI 1 1t REAR S AT S S LI B il 2 6 A R 5L T
il 4% o
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B2 T RAYUER/RIRE SMRIHIE N B Rkt

s

2.1 5|8

B A TS AT e, DAL S BN TRIBIAR, SR T e
i HH B A T DL o SR T S I A BT P 5 PR SR TR (1 (RIS , AR 2 7 A ARG SIS
KT A AR Y PR S5 A6) RV 7E R o PR S AN ) P T 45 TR T, 5 %
B, AT REnt AR A 02, R, SRR, AT FELRE B R Rk AT
SRR

3D TEME R Y FIRAT I M A HR 2 —, C&8E 7 I RHELIE Tk
a2, RO T A R TR R T R B R SR BRI
MR 8 R JZ D RIA N R o W) AR, R N FH R AL f)
W TSI, BULE A% 05 1 OB W T B HE g — 2= 0, R
TR S AR A 7 TS, i AR AR e, RILEE (PLA) 1E 3D 4TEIHR R3]
TTZWIRNA, NI TR 28640, MR 5E 7 HAEN EMI BE i
BN 6

RICERVT T 3D FTER S5 M B A0 280 B 41 4 A SR FLIR 52 & Ak (CF/PLAD
HL B B IR I BE B S, R SLRS M WL AT T A AR . FERKIER b, B0
WEIC T 3D FTENSSFMIAE I N EE TR B SR . S5 M 00 R B DA R B 47 4y oK 2 ot v
HEBF MR REIA . H B2 3D THIRS E R R . BAAMFRIT ANE S
Mkl
2.2 LIRS
221 LEMEIS5ILEE

F 2-1 SLERJFOR) K IR A S

Tab.2-1 Experimental raw materials and experimental instruments

JERE (g8 #R BRg (S) faTFR EER I
BA BRI 4032D PLA Nature Works Plymouth MN
USA
T AT ARy 1000 H CF EEFIKEEMRA TR A
R 5 FEHN 84.93 DCM R A R A A
BT iRk -F HH-1 %4 / BRI T AR
YAk RS o MYP19-2 / AR R A AR i A PR
A
F, AT R S UL AR DHG-9070A / g R A R 2 A
SIH AL Wellzoom B / H ERYIK BIARH A TR A F]
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43R 2-1
JRR (X3 #Fk ik (F4S) fEj AT
27T N Pros Kit PD30 / F LRI MHRA A
3D FTEIHL Sermoon V1 / YT B AR = 44 PR &
T 5 54800 SEM FI H 24K HITACHI
AL AR SR AT A Nicolet iS10 FTIR i EESDIHRA A
BEAX
X SHRATHAL Bruker D8 XRD 1 [ A1 0 AXS A R A 7]
FEZEAL SZS 20 / D3 B S 5G AN 28 A PR A 7
Ji R CSS-88100 %! / KRB 72
RN Keysight PS004A / e R ER AR A
2.2.2 CF/PLA EAKL£/H&

BT 4/ 5 LR B A AR ) 45 in 1 2-1 BTz« CF A PLA LA—E [ ELBITR &
(CF/PLA 1 CF & &3 5108 104 15, 20, 25 wt%). RJ5, EE X% T,
B EATHEMAE DCM H, SR 5 FE i as i b CF/PLA IE-&%). i DCM 7%
SRR JG, 28T M SRA R CE/PLA EE6MEL. RIGKZE SR # K
FNBEE, e PEIRSREAE T, 80 °CHLT 24 /NI, BREAEIIK Y,
S5 (AR FT B R A P AR A
PLA

— Dissolution Evaporator Break

— — — ——
‘l e % et l

Prmtmg Extrusion

<

Bl 2-1 AT 4E/ R IR E AR H # T 2R K
Fig. 2-1 The preparation process flow diagram of CF/PLA composites

W BIREHE T CF/PLA EEMEHENSEIH HHL, RHE PLA FIERNE S
HEMBF AT, BOEREA 170°C, RIBAFE K CF & BB i H 241
R B DA R 55 O B, AR ORI 22 (1) 3R T e, FFII 255 1) 3D FTEN K2 1 B
1, AFH AU S FTEDHLEARE (EARN 1.75 £ 0.11 mm).

FIFH 2 B3 A BT 3D S5 M8, Sy STL #3UH 3D MBS, SR )58
VI A48 Geode SCHER THTEL. fEV) 8k, B LRI R T2
S8, BIANSTHEIR B . PSR FTENE LS. BRI EAAN 175+ 0.11 mm
[¥) 3D FTEN 224N\ 3D FTENHLH, FTERHLRARYE B € 1F I L2 S HOHATITEL . W5
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BEEAS FTEEERE . FTEHEE 3N 0.4 mm. 0.2 mm A1 30 mm/s. iR A
BRI FERE CF & & 1A T A2 4k o
223 HmBTESMR
(1) JESRAE
WHF ) CF/PLA A MEHC LN 3D 4TEINL, fEFFURFTERRT, FTEINLS
FrHEAN 0.4 mm PLRY), WEEZLRY), K H R AE T HIREmT 4, A
SEM W& HL R [ S AT SUAFAE, I B R B A S kV.
{8 57 AR B 2 A At PLA. CF Al CE/PLA B &0kE, 23R K 2.0
em ', MEATEE Y 400-4000 cm™'s
K X SHERAT AT PLA. CF 1 CE/PLA E-&MEHE 0 T 454 . K kE 5
TREFLE 25 CCHIFEEIRES, FELL 5o/min PHEFEEZLE 5°F] 80°H) I R AT
=i
(2) HUBE RE A
PR T S W R R R VPN R ) R I B B R R —, BATTRERE
WA BLLE 52 240 J11E T RO HRPTRE S AR TE e /. 4% H ASTM D3039 A5k
FAEMBHAT R SR 5 R RIS H AU Re AT 358, &AM 5
SrRDEE 3R, I ETISE. A 2 mm/min, EAEMEIRS RIS
IRES R SE, N 74 mm X 10 mm X2 mm. B &SRR (2-1) #
ITIHE:
6=P/A (2-1)
X o HRAMGERE (MPa); P NBERRTSKE ST (ND; A NE SR
(mm?).
3D fTEI CF/ PLA E&MEHAEREE (p) RIEAKX (2-2) #HTiHHE:
/v (2-2)
em?®), I HLF AT R ARSI RO B

=8

~ O
I
2

Kb m M v il hEsE (g) FEHR

1230,

(3) FLBkoE i RE i
KRBT KRB SFIENE 8.2-12.4 GHz (X B S K

BERI S 230 (S11/S22 A S21/812). {E EMI SE MIRRT, HEAT TS I AH£R

(TRL) f#E, VLR DRERE, (RENHRSE . RiEAK (2-3 & 2-8) B

ATHEL:

T=|S12|2=1S21|> (2-3)
R =|S11|2=S22| 2 (2-4)

A=1-R-T (2-5)
SEr =10lg (1-R) (2-6)

SEx =10Ig[T/ (1-R) ] (2-7)

12
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SEr = SEgr + SEx (2-8)

XA, Ty Ry A Z30NE S RE RO REONRC R 3, SEr NS BFROCARE, SER
R BERKRE,  SEA MRUSDF A RE -
(4) =g

HERYIPTRAARRI R, A p TR, EAR R B E H B A2
gm’. TR AW

p=m/v (2-9)

Xt m BRMEVFRPIRE, v RRAZY IR
(5) R BEMTEEL

S0 57 45 20 (Green Shielding Index, fAi#K gs) A& —Fh T -4k Bk 57 il A4
BEAE R I 48R . tHE AT

gs=1/|S11[>-[S21/%/|S11*-1 (2-10)

X, ST RIREIA RIS REL,  S21 FRom WA % H I IE AR5 R 5, H2R
BT .
23 BR5IE
2.3.1 ;BEXT CF/PLA #H}HI& RS0

TFEXT 3D ATENE G AR & PEREFN AL I AR A o S 3 1 s 15060, i
FER, MR G, wshtEae s, SEZESAAR. FFHAB AR
Akl R, PTRESEMELE R B, SIS WE 2-2 R, Ak
SCRFH PLA NEAK, TIANRFES &K CF, PLA R IR EAE 160-180 °C, il
W PLA 7E 3D FTENHLAFTENIRE Y 180°C (&l 2-2a) 4, HILAESTEN CF/PLA
SEPRIS, FTENRE )y 180 CCHFIRITEN, FFEE 1 A F B LR B R THTEY,
439749 190 °Cy 200°C. 210°C (& 2-2b. ¢ d), TMERARIEE 50°C. 60 C (B
2-2¢), WEITENZEEN 0.2 mm. FTHLEE Y 40 mm/s ISR T, AL 1 TELR
JEXT CF/PLA E-AMEL 3D T EIFE 5 5e BE M REIR2m o R B0 44T BN A 190 °C
I, FTERERAR R A4 & R4, R 8O6HT - FTEVR BN, TEN S5 M A e %,
JZIEEANGT, AWM GBI, Kk, JEaiseitd, 3D 7 ENRE R Bk
JEJ9 190 °C, AR E A 50 °C.
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2-2 EERTFE S AL IR, TENE)E (a) 180 'C (by d) 200 C (c) 210 C, (e)
JEAIRE 60 C
Fig.2-2 Effect of temperature on sample molding,printing temperature (a) 180 °C (b, d) 200 °C (c)
210 °C, (e) bottom plate temperature 60 °C

2.3.2 3D $TEN CF/PLA S 4RI FE DT

Kl 2-3 Jy PLA. CF 1 CF/PLA & 448 FTIR Al XRD. K 2-3 (a) H#H
KEEMEE] FTIR J6i%. MEIFRTLUEH, CF GIBLE 1653, 1631, 1593 LLK
1347 e b /NI, X SEREERAR . BRIEE (C=0) Fiff. FHEKE (C=C) #iflK
A RO 2 P AR A ¢ o X 5 SR #RIE 1Y) CF 5 AH1BL. XFT- PLA J6i,
HILNEAREVERE, BARKY, 1730 cm™ /& C=0 Fifii ki, 1467 cm™
I (CHy) MIAKIFRE f . 1383 em™! Al 1365 em™! BN iZ4 16 72 v CH3 F
CH XFRES i . 76 1081-1236 em ™' Bl N 465 6 T C-O-C [z
W, BETH C-O-CISHAR M B e S A, RXERRM. RIHE, 7E5I N CF
J&i» WA PAHEN CF/PLA &8 PLA ) FTIR %875 CF fl PLA $#E0&, iF
BT CF Ml PLA HI51IRE .

K] 2-3 (b) J§ CF. PLA 1 CF/PLA E-&#1EHY XRD Jtilt. CF 7£ 20=25.2°
Qb f S5 3 W R B L AR S5 R (002) (04, tbAb, 4l PLA 7E 20 = 20994 1L T —
ANEAR, X 5 2 BT )45 5195 —3 . 7€ CF/PLA f) XRD i, i&Mta] W, CF(25.2°)
FIPLA (20.9°) [W4H#fiEVE, UEBH CF 5 PLA /£ CF/PLA & &M B HIREHUT

(a) (b)
CF/PLA CFIPLA
-
xX 1467 -
- 1081 3
o 8
3 PLA 1648 é’
o= n
£ c
2 1467 2
© £
= | 1730 1081
[ 1648
CF
1800 1600 1400 1200 1000 10 20 30 40 50 60 70 80

Wavenumber (cm™) 20 (degree)

[ 2-3 PLA. CF fl CF/PLA B &M EHIL AL HRAE; (a) FTIR M1 (b) XRD
Fig.2-3 Chemical structure characterization of PLA, CF and CF/PLA composite. (a) FTIR and (b)
XRD
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2.3.3 3D #TEN CF/PLA E &M RIS

4 PLA fl CF/PLA EA5 MK SEM EUE WK 2-4 Fizn. 4 PLA (1R 1H &
BB, WK 2-4 (a) Fion. 5 CFIRAJE, WLLEE| PLA G CF (] 2-
4b). MK 3b FFECK SEM B (B 2-4c) HHa] LATEIIHLE B CF M, X
AFIF CF/PLA HEAMEIN %MRE. F 3D FTEIWIMEST R ) PLA B840 (K 2-
4d) EIGH, HAAZN 0.4mm, SR EAAAITE . SR1M, CF/PLA HIRE#
R — 22 B, HEM CF AT PLA Z [l A MR 5. tk4h, CF/PLA 1)
PN A 2R HH— Se BN A BR, IX AT REAE R T 3D FTERZHARIKT EMI B ile b

Bers

Bl 2-4 WiMEHE T CF/PLA 2F-4Ef49H SEM B8 (a) PLA. (b) CF/PLA; (c¢) A (b) &
K: (d) PLA RE#H; (e) CF/PLA Bi#i; (f) CF/PLA
Fig.2-4 SEM images of (a) PLA; (b) CF/PLA; (c) enlarged of (b); (d) cross-section of PLA; (e)
cross-section of CF/PLA, and (f) CF/PLA fiber extruded by nozzle

2.3.4 3D $TEN CF/PLA E AWM R I ZF1ERE

9T HEFE 3D FTERR; CF/PLA S5 K AR PERE BRI, 730 K i 28 A0
3D FTENEHI & T RFRIRE S, MR tb I 2-5 Fir. B 2-5 (a) JE/RTH
TR A g 25 1 B B3 S R RE SR 3D T ERRE S EGRE BE  BATT RS
JELFE FEAS AR [R] , 33 A it A 10 5O, 1 mT DLWEER 21 3D 4T BV i R 3R T S0
Kl 2-5 (b) AyEIEFE A 3D FTERFE S h ik ge . M 2-5 (b) HyE#EA 3D
fTEN CF/PLA EAMRHRLAH N 7)- 328 th 4 v] LB A Y, 328 A 1k
WrZd, 177 3D FTENFE S BT 20T E T BV 2, 18 W5 58 EE PR 0 0L H SR A P e
3D FTEIFE (45.6 MPa) FUHifGRE (3R 2-1) K TSR (56.2MPa), 3T
3D ITEl CNTs/PLA H-&KEL (44.18 MPa) [1f1 CF/ABS E &8 (34 MPa)
071, 4k 2-5 (¢) Fian, AJLAWLEE CF/PLA VESBFES LI, FAE CF fEHR4L
ARG . IR, 3D FTERFE S A (781.8 MPa) = T ¥ & (630.3
MPa). XA[LAHRFETHAFERE, Ho%, 3D {TTHEAMEHE CF Mlm T4
FTENTT A 55 (B 2-5d), XA R FHEm 3D FTENR AR &, 1 CF Lo
ARAEVESARE S ) PLA Je4Erh (J& 2-5¢). Hik, 3D FTEVE SMRHKHITL 38 E
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WA, AT AR 1 TT B OSIeh 2 0 0 46 A, 3 T DA 2-5 (o) B
s AR EE

% 2-1 VYA 3D #TEDA CF/PLA 5 AR R I AE
Table 2-1 Tensile properties of the injected and 3D-printed CF/PLA composites

T 7:¥8 CF/PLA 3D #TEl CF/PLA
FrH5RE (MPa) 56.2 £6.75 45.6 + 4.56
LR (MPa) 630.3 +7.51 781.8 +8.13
Wr KR (%) 5.44 +0.61 4.97+0.53

60

(a) Injection (b) E
50 Injection
s J j
i L N
B b l“—m Printing
& 3of
-
(7]
o 20+
)
€ 10 \
o / B
- /
2 X o i " " 1
3D printing 0 2 4 6 8 10

2
JN y \

Kl 2-5 JEBFI 3D TENTTVERI&FEME (a) B (b) hrfEae: (¢) CF/PLA &8
ff) SEMs; 3D 4TEE (d) CF/PLA HEH KL (e) 3D FTHI CF/PLA E AR ARSI
Fig.2-5 (a) photos of samples prepared using injection molding and 3D printing methods; (b)

tensile properties; SEMs of (c) CF/PLA composite using injection method; (d) CF/PLA composite
using 3D printing method; (e) the defect points of 3D printing CF/ PLA composite

2.3.5 HEFZEX 3D $TEN CF/PLA E &} B iR f M BE B S2 0

V) AR B R PIE TR A, v LA SR % 3D $TE1 CF/PLA A4
BEH LA X EATER 7 4 Fikest, JEEEIN 4 mm, HAZE 735004 10%. 30%-
50%. 70%, FTENEZR NP, 0 2-6 (a) . WK 2-6 (by o) fim, FEE
AR, 3D FTENRE S I EREBF AR (EMI SE) BRI, B4Rk,
£ 8.2-12.4 GHz HIAZETEHE N, HIH AR MY 10%54 00 20 FE 5 1) 30%. 50%
A1 70%HF, FHR. ) EMISE M 3.63 dB ¥4 hn%) 6.11 dB. 9.49dB, &Nz
10.54 dB. FLBRAZ /I, FLBRECEN N, HREDE 02 DO SIE I, Mfi$em 1 Bk
R R, HEAZRIG IR IN TAREE, WK 2-6 (o) Fn. £ 3D 4T
El CF/PLA E-& MBI R G514 b, da e 2 5 KL R 2 51 E 2 Ux
SR AR WAL, @ik B A i IR M R R, RICMIA R W E N 50%KET, B
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R I A BEROA N RN, FEASE FEAIN ARG, X AT 50% M TE R 2N
BRI S L2k

(b) * — (c

12 1.2

~—
1
T
@
m

EMI SE (dB)
o ©o
EMI SE (dB)
> -
Density (glcm3)

8 9 0 11 12 13 10 30 50 70
Frequency (GHz) Filling ratio (%)

4 2-6 3D 4TE] CF/PLA HEMEIAFIRFE R MK () RS s (b) EMISE HZAIA
[ FE AR LI (c) EMI SE BHZRFIRE i (1 %5 % A2 1L,
Fig.2-6 3D printing CF/PLA composite with different filling ratios (a) digital photos of samples
with different pore size; (b) EMI SE curves of samples and different filling ratio; (c) EMI SE
curves and density changes of samples

2.3.6 NERLEHIXT 3D $TEN CF/PLA £ & W e FE R g e RO 2200

3D FTEVAP R N R FE A s 1 GG B e RO 70 LG, RO T
FNSESTIRIVETNEIR-REY vp ST R R i) AL SR s N S E S Gl R N
BEMGIRZE , %) 3D FTERNLHEAT 1A AR b AN R B E R B . LA
SEMIIHTERR 50 % 9FEAl, B 3D FTEIHLETH TATEIRE S =/ NdE. )\
TG VUHARFN RS AR N B Es f 22, ] 2-7 (a) o A& 2-7 (b)
LAV, REX TR AR A R A AR Rl (F T AN IR P R 25 4
P G BRI ARl S ) TSR 3R 4200, Bl RSB BT AN A o
JSLFIRE b B AR 2-7 (o) Fion. ATLAEH, BT =ABEZRS, RRER
BRI T8 B AL . AN 2-7 (d) ATRAE Y, 4 EREE ) NIk T, 3
BRCCR B i, HOFY EMI SE {50 9.16 dB,  FERADE 3 B . 7EIXFRE I
T, EFEE A 50% PR E 7R A S AT S ST IT .

(€Y} Triangle Hexagon Octagon  [ietrahedron

(b) = (c) 12— e (d) u iskr

it
y

. B &
:096. H W 1 I
cax Ll I ﬂl I\

Nl > * o &
8 9 10 11 12 13 € & o o o “&*o o o
Frequency (GHz) W e o ‘0‘\@\ e
<"

2-7 REAFRIIFES (20 BF: (b) EMISE #iZk; (¢) EMISE HiZfI# Rk, L
J (d) 173 SErv SEa #1 SErfH

Fig.2-7 Samples with different filling pattern structure (a) photos; (b) EMI SE curves of samples;

(c) EMI SE curves and density changes of samples and (d) the average SEr, SEa and SEr values
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2.3.7 BT 3D $TED CF/PLA E &+ R # Rk 14 e RS2 I

MIATREN 50%. WIE R AWM AR, &t TR 1-6 mm A
FEdh, FERTe AR R H Rt se sz Ul anfE 2-8 Fran. LA 1 okl R
FEAERAZ, LR 3D FTEIRE IR AL, ] 2-8 (o) MBI TR . R, EMI
SE BfEFE M E BN hn (& 2-8a). HAAMRIEL, 24 CF/PLA E &K E
FEM 1 mm #4105 6 mm i, *F¥J EMI SE M 4.95 dB #4051 7.02. 8.20. 9.16.
10.27 #111.12dB (& 2-8b), X5 CERI R i g5 R —%. [Fn, BT E T2
ARG EE ), B RN EEY, M ECN R BB EMI BE R )
Bkt el. A, JE RN AR 3D AT ERRP R B RS, MR 2-8¢
A LVE M, FEEEZ M 1 mm ¥ 00%] 6 mm, SEA M 3.63 dB iZ#iH8 hn %) 9.04 dB.
SER M 1.32 dB #4115 1.89 dB (3 mm), ZJ5fF 2.08 dB (6 mm) i&ZF|F &I,

12 12 1.3 12
@ e~ © s ©) " 3
9 ‘ 9 e ot 9 E :EA I ‘ 1
) o E @ i i
kS 3z Mgy = I
w gl w g . oo w g 2
9 1mm 9 1.0 :->" 2 I
s s 2 =
sl 6 = X 09 B “al B
s A mm ~ i \ .
17 A I : 5 ‘ T
_ ~——
ol n n r r ol . . . . J _d0.8 0
8 9 10 1 12 13 1 2 3 4 5 6 1 2 3 4 5 6
Frequency (GHz) Thickness (mm) Thickness (mm)

K 2-8 AFEEFEAK (a) EMISE £k, LA 1ol moNEE S 3D THIfF; (b) EMI
SE WHZANE EAAL; (¢) FF4) SEr. SEA M SEr{H
Fig.2-8 Different thickness of 3D printing p (a) EMI SE curves ,in set is a 10 cent Chinese coin as
a thickness reference with 3D printing parts; (b) EMI SE curves and density changes of samples
and (c) the average SEr, SEA and SErt values

2.3.8 SHEYIFRESEN 3D $TEN CF/PLA E &M H B Rk Mt sEFI RN
BT UL AT, ATUABRE L, W inE e R AR A 7 B S R R P
iy YEMERE, WILME—ERE bR E SR B g . B2, HAET
[T RETIAS BEE AR I 20 ABPH O paME B R . (Rl e H AR R IE RS A4
i CF & SR G N &8 X 48 2R R S e HL R b e . 721K 2-9 v, i
T CF/PLA EE&MERIIRAE S &, Hil4 CF SED N 0% 10%. 15%-
20%- 25%1) 3D FTENE, 76 3D FTEINL FIHFE N 50%, MISIEAKIE, EEN
Smm. WK 2-9 (a) B, B CF S BGm, AH I I H L 5E M08 388 8 1
Y, X AT RE AR RUONAE 8.2-12.4 GHz BISREETE RN, T HMEHE PLA J&&H 1)
5 HL PO 8% [ o HC A Y ] (R G T 4k 2238 . 1] 2-9 (b)Y R, 4 CF S &M 0%
FERI R 10%- 15%- 20%- 25%HT , e FLRE 57 i et Bl A6 4% 9.81. 15.49. 24.83,
27.03dB, A 54845/ L 6 (17dB) PY, £ 85/ R A (16dB) TRIER 4N
KNG T 2 -K IR (16dB) EAMBITOMMEE ., XEKE Y CF
RIS E] 20%K, WTLUAE] 20 dB DL EMI BERCE SR . A T HH = 4EFTERE
PR LR RNLE], 115 7 H SEa. SEr. SEr M 0.31 dB BEH B INE] 0.78.
1.25. 1.73 M 2.56 dB, SEx A7 BTN CF & 2700 A 0% I 2] 10%. 15%-
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20%FH 25%HF, JUIBHE M 1.21 dB 38 HN%] 9.49. 14.24, 23.10 £ 24.47 dB. SEAfH
i SEr 1 10 fiF, 2B 3= B BERAL 6] =2 U
UbAk, AT BB R R, IEXIRICEE (A REFER (R AN

fEREZE (T) BT THAMOTHE. B 229 (o) B/n T RMECEME CE S &N
W, K CF FEM 0%IEmE] 10%. 15%F1 25%, 4 A 29.53% ¢ 5
F]90.60%- 97.18%- 99.67%H¢ =% 99.8%. LLAh, WRHE gs=1/S111>—S21%/|S11[*-
1=A/RU> 761, it —DW 58 T SRt himicda sl (gs), UV E A BT CF/PLA A7
U, WK 8c Fias, gs HIAAKRT 1, B SHFE/DN TWIERAE, R 17K
W EZER ML . Dy 7 HEFRTEN A R RL AL B ADRHE EMI BERicPERE
¥ EMI SE F&LL CF/PLA SEMEIHIEE (dB cm’g ) BY, TH5 BARBEMSE

(SSE). Wi 2-9 (d) A7, SSE 5 CF S &EMAHCEHEM, &R&EE—)
SSE fH°4 25.35 dB em’g ' 19°F &, S53CHERUH 1527 dB em’g ™! 45 SR A 4.

30

30
(a) —a— 259 (b) [[ISER 'I"
7 M 25| msE T
_ 20% _ I:lSE: SN o
gzo - gzo -
| 1% |
g 15 % 15
E 10— 10% E 10}
5t 5t
0 W“_‘—;_’ 0% 0 . | | “_x_‘
8 9 10 1 12 13 0 0 15 20 25
Frequency (GHz) CF content (%)
(C) EET BSR EEA 5 (d) o0
100 - 25}
9 i
< 8of e 20}
- 5
o3 60 m 15}
x S
o3 40 3 10}
<
20} @ sl
(] ol— - . - - -
0 10 15 20 25 0 5 10 15 20 25
CF content (%) CF content (%)
P’ 2-9 AN[F] CF & 3D FTEIFEN, (a) EMI SE #i4k; (b) SEa. SEr 1 SEr (c)A. R. T LA
M gs F1(d) SSE

Fig. 2-9 Different CF content of 3D printing of (a) EMI SE curves; (b)
the average SE4, SEr and SEr, (¢) A, R, T and gs and (d) SSE

2.4 KEING

KRBT ARERER., NEEEEH . BEEM CF SEMRESR 3D 1]
El CF/PLA E & EHEY EMI BilictEfE. CF X250 fE 3D $TEIR CF/PLA E4&
MEkd. 3D ITENH CF/PLA B& MR &E S T A K CF/PLA &4k, 3D
fTED CF/PLA E-&M EHE EMI B a6 70 3 . B CF 255 1 39 0 i e &
A% T FO AR S 3G N 38 0« (H 2438 7 HEN 50%, 85 A RS SE 785 RN 5 mm,
CF 587 25%0, SEEMERIHMMEBMLEETERE. EATE BAE T4 1
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BN . BEAh, Z4EFTED CF/PLA E A M A EMI B micAL i 32 22 Ui #e . 78
XAMEL S, H41) 3D 4TE0 CF/PLA & &M RHE B RET-4 b i Sk s B K
(3% 17
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3T RPKE/RIRE SRS E N Bkt

W5

3.1 518

I T AR R LI R, B 3D T ENECAR BIRE AE B 2 A PRI LR
JR 1 R o SRTHT, ZE4E B BN ()5 H PR BEAE R e 55, R T G HELRE 7 3 RE(EMIT SE)
ANGEPRAR, R LR R P R oK, (R B AR R R v SR R I FR R B WA R — 2
HIEE B . BT Z4ERIBN, —4ERE T APRMRANK & S 1 A F A0 3 1 o i
MR 15 Bk .

WK E B RIS, L i T AR 540 S A R 1) 05 BRI 2
Re, EILHITRES AT S, WOl TR B B AR 2 R K
IR R DG, R B B i L AT iR At 98 ATV AR s ZRFLIR (PLAD YR H H 24,
HA R Bt Ge A AR YA B, O RS A R B AR B A o e PR
el (R IRIEA . Ao, T T ERE. 9743, 3D FTEIRIEST AR
S FOREBIHT . BUARBRARANBCR S HES) PLA KRE, TR HAE R BRVEH AR
Py i R E L A

KREFR T — RN EA LIRS 1) = 4E K & R IR E A MR
PURTG 1A ) G T- R BR MR BE . X E A PPRbE I 3D FTERHIAR (Rl G IR &
B fEE, A R0R HEH O S M R AT R, SEEL T R AE I R T B
PL PLA fENEM, @RI S EIRAPKE, R CNTs & BT HE B il
PEREMIRZI, DAE AIER) CNTs . fEfCAEN S &G, 58 3D HEH
ARITERAE B . LI K/ CNTS/PLA B &M RIRE S, 3R 78 HxF Bl e e P g
g, AT H TS EER. SHEEG. BAREMN EMI BERSCERT
3D TE] CNTs/PLA EE&MEL, AT EMI B Mo RHRZ (E B U
3.2 SKIGERSY
3.2.1 LIEME SR

AT S P Y JEORH S AR [F] 2. 2. 1 3R 2-1, #bse R R ANGEs WAk 3-1.
% 3-1 SR JFURE S IR (X HS

Tab.3-1 Experimental raw materials and experimental instruments

JRE (S AR Bk (5D (IS A=K
BRI 10-30 pm CNTs LI SRR R A IR A
)
sl AR A WKT400B / TLHYERHRF AR R AT PR 22 7]

3.2.2 CNTs/PLA E &K 2 195$1%
N T TR R ALR (CNTs/PLA) H&5MEL, 2 Hlik$E 4032D BILME
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RORLFI BELAE 4 10-20 nm [ 2 BERRGVKE, B &k (DCMD 1ERIE I,
HA¥ R, B51F2IELT CNTs/PLA &4 .

CNTs/PLA EE&MEHEIHI & T 2R B WK 3-1 . kb 5 LR R i
WOKZEA, X JE SRt 45 G il SR LR AURLCE A3 A T 75 FE LA v TR, it
FE 90 °CT1E 24 /NI, HUHS I FH 2% B 4R % B R 4F . CNTs F1 PLA FIRA IS FE 2
R E A B RPE R RCR OGN R . il 4 CNTs/PLA E&44KL, A CNTs Al
T1EH) PLA B0kL, SRJEMAEEM & Wb, AR E, &
Jo AE I R AR AR FF RS, FHBY JJBT R PLA MUK /INVR, J7 (8 TH5 22 .
K S S BB BRL NG, HEAE R T, 90 °CHET 24 /hiF,  ZBRIEIKS).
M-S, RIS L, ARSI HIRE Y 190 °C, RN 30
mm,ﬁﬁﬁﬂﬁiﬁlmmm Rbs -~ RN ES VLSRN B &K%, Bk

RENW &2 3D FTEINLIE R . [RIRE, 4% Bl 7200 i 4% 7 6 wt%- 10 wt% !

Mw%%CNWHAE%Mﬂo
PLA Stirr mg

Ml\lng - l‘eedmg
(?NTs i Desktop extruder

Extrusionl
Printout ' .IT Printing

lightweight 3D printing sample 3D printer 3D printing filament

3-1 CNTs/PLA B AR % T 2L ]
Fig.3-1 Preparation process flow diagram of CNTs/PLA composites

i 3D Max %5 = 425 IR E 22 ] = 4R RL . AR 25 5 A APRHT ENEE 1 N 8

ZERY, FTERREM K TE 25108 34 mm A1 23 mm M85 A FR R E AR EE. L
30mm%ma R, Wit RIIAFEEREILEM, B FHAN STL
) = eSO, ARG SN SFTENUAIE TSI H RS, RS EE 3h 5 ik
VIR Wb Geode 130, S SD R, ¥ SD R4fiA 3D 4TEINLEIEE R, fx
Jei, K2 3D FTENHLE R R A K ZMEN 3D FTEIHL, 3T EIHUREAR 35 5 B 47 1
TZSHOHATITE . TEARZE T, 3D FTEIHLFT EPFmEME FL42N 0.4 mm, 3T EJ A2
JEFESY 0.2 mm. FTEI#EE SN 30 mm/s, FTERHLIREE N 190 °C, AR A 60 °C.
3.2.3 H@MTBESMRK
(1) JESHEALE
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B4 CNTs/PLA &KW 3D $TEINL, 7EHERIE, TEINLSHFH B
9 0.4 mm BIZARY), WEAZZIRYD, 6 FL 3R AN i il AE i 4, {8 SEM W
SRR LA IESURHE, IR EBE N 5 kV.

FAE S AR 2T ARG O, PLA. CNTs il CNTs/PLA E &K%, AT#£
fIE CNTs/PLA R &MEEHLE RERIHIZEA (JEFEZ) 100 pm) FI7ELL, 5HF%R 4
cm L,

(2) Bkt e ik

M AutoCAD i H R AREATET ISR, B L4535 3D 47 ALY
FHIF RSy, AHIER /N AR AR, A8 R A AT L DU A5 h A S RE R 5 77, 3REX
PLA 7E 3D $J E[ s ZU i) Ay 88 )5 (R JE A ) 2k R

KRR R A MRBON T BB R BB R A, 5 R har e )
AL BRI R g Ty, 15 BIRIVKE R ILIRE S BRI FEA 722 1 RE .

PR T S W R K R R VPN MR ) R I B B R bR —, BATTRERE
WA RLFE 52 40 F11E FIN R PTRE SRR T RE . 4418 ASTM D3039 ARifExt &
S APRAT R IR . INEGEE N 2 mm/min, B AAORR ST R S AR R
Sty A 74 mmX 10 mmX 2 mm. A PR IZ A ST, THEA
XA 2 ZAK 2-1.

(3D HELT5F w1 el ik

K R P2 AT A FE S BMI BRRCRFPEEAT T 3RAE, SUORJEFENY 8.2-
12.4GHz (X #B). fE£ EMISE M2 A, fi FH#IE b2k (TRL) ®#EHIA N
BV HIRGE, DAORIEMNASS o DR o B 55 R0 X /2%, B #0545 250
LRIECE S E (S), MIEALIAE (S21 8K S12) FIRT A& HHiFE (S11 8¢ S22)
S 250, FHHITFEM B Rl RE . LB ARTHHE, HEARFSE 2 =
A 2-3 £ 2-8,

(4) %=

HIERYPRAAR TR, WH p Fon, EARRSCPE LR H AL
gm’e THEARWT:

p=m/v (3-8)

X, m BRMEVFIRE, v EZRZY R
(5) IR sl g%
ISR AR R R IR IR AR ) () 6T, ISR 10 it brifk
CIALA 520, L g/10min 3878 . 1% AT E G A4 il 284 A
3.3 #R5118
3.3.1 3D #TEN CNTs/PLA & &# R BIRSRAFIE 7

Kl 3-2 (a-d) BIR T AFBRGUKE & 1) CNTs/PLA £ & RS,
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SEM HHT T RIE. KEGHMHARBEEESSRE T FEG R . -4,
AU B2 A&, B RBYTKE RSB, B4 PLA ZE [
AL . BB RS S RGN, BRANK TR A PR A IR 20 A 2 B B S5 1
i, BRI 22— m, HA RIFMEUa. FE, e85y 8ork, %
A B ERIS .

B 3-2 (e-f) 87T 10 wt% CNTs/PLA A4l PLA NS, 9h1a EIHE
R4l PLA MR IR, A4, AR, B%E CNTs S&EMrHY
I, BRAUKE I DN R 0 AR B FE AR N, XA R T 5 F 48 T A

(), i (O @

K 3-2 AN[F] CNTs 5 &) CNTs/PLA #4h FOB#R (a: 2 wt %CNTs/PLA; b: 6
wt %CNTs/PLA; c: 10 wt %CNTs/PLA #1d: 14 wt %CNTs/PLA) A BEE (ev f: 4l
PLA Flg. h: 10 wt %CNTs/PLA)

Fig.3-2 Cross-sectional(a:2 wt %CNTs/PLA; b:6 wt %CNTs/PLA; ¢:10 wt %CNTs/PLA and
d:14 wt %CNTs/PLA) and longitudinal (e. f:pure PLA and g. h:10 wt %CNTs/PLA)EM images
of CNTs/PLA samples with different CNTs contents

3-3 4 PLABRGIKE R 10 wt%CNTs/PLA & &4 KH1 FTIR. PLA i+,

1720 em™ ZhHIHHIEIE S C=0 FifHIREIA KT, TEmAKE K, 78 1645
em’ AL HUEFAEIEJE T C-=C M43, 45 5 E W], CNTs/PLA Hi577£4E PLA Al
CNTs [FFfFIE, FH] PLA Al ONTs ZE 5 &M B IES R IT.

ya
7/

CNTs/PLA -~
CNTS /\\//"\
&)

PLA

Transmittance (a.u.)
C:

/ L

4000 3500 3000 1500 1000
Wavenumber (em™)

3-3 PLA. CNTs 1 10 wt%CNTs/PLA & -&# K FTIR
Fig. 3-3 FTIR of PLA, CNTs and10 wt% CNTs/PLA composite
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3.3.2 3D #TEN CNTs/PLA E&#RIA M RE

K 3-4 73l ERAL T8 PLA #£dh. 3D #TE0 PLA AT 10 wt% CNTs/PLA £
Rk ge. AT 0L, JEZEM) PLA FEMBIMN 7353 T 63.39 MPa, 1fi 3D FTEIH)
PLA #£& FIN. 714N 39.70 MPa. JRIRI AT REAR, fE4FIERT, 21 PLA F£ 5
) o T IR AN ) B %, TORET 3D TERY PLA #£4h, HTHE2ZRZHS
MIE AR, SR REmA . Bk, HRR N KT PLA FEfh. R4k,
ZEWoR, 3D 4TE] CNTs/PLA &M BN )& T 3D 4THIR PLA, Jy 44.18
MPa, $27 11.3%. [FI, S5{HESRM 3D TE 7% 4l PLA B &K
FHEG, BAR-R 728 2R MR VERHAE, PR FERRIN 1.97%. X2 KN CNTs
BAR SRR, I HEA1#E PLA RPN E R, Kt CNTs 7] LA E
FTENSE G R s BB, S EER/E, CNTs nf BURIA] 3D T B4R 3
PLA, Focs HALk M RE

70

—— PLA(Injection)
—— CNTs/PLA
——PLA(3D Printing)

(2]
o
—

w S (3}
o o o
T T

Stress (MPa)
N
o

-
o
—

o

4 6 8 10 12 14
Strain (%)

K 3-4 yE% PLA Rl 3D #TEJ PLA. 10 wt% CNTs/PLA J12: 1k fit
Fig.3-4 Mechanical properties of injection molding PLA and 3D printing PLA. 10 wt%
CNTs/PLA

BTk, WIE T4 PLA 5 CNTS/PLA &M EHIE IR sh#EE (MFR). /&
R SE R AR E A 210 °C, FEMSE RN 2160 g, & 10 s BIHI—Ik, Wk
10 7%, WR4EE A N ES, HEH MFR $0ff . 453 E8 CNTs/PLA E &R
MFR Bfi# CNTs 7 &= 3 mim FE K. 48 PLA ) MFR ﬁjj 5.76 g/10 min, 1 &
N 10 wt%CNTs &2 &4 R MFR 150 3.16 g/10 min. %450 R, Emng
GBI CNTs 19 &7 DARRMK PLA MR ahREE EE? CNTs 5 PLA 2 |f] fi#%
RIS R, B 5R 1 40 BAE R 3338 n 7 ks MR 20 i 75 1 s A R B0 81
3.3.3 CNTs & EXf 3D $TED CNTs/PLA £ &+l B F R il M BEAY 20

N THFS CNTs &%) CNTS/PLA E A8k EMI BERict:ReffIs2m, W& T
A[F] CNTs & &) CNTs/PLA A MEHTEIFE S, FTEIFESKE N 34 mm, %

o
N -
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A 23mm, JEEN 6mm, ENFLIAESEN 4.0mm, FERIEREN 50%. WE
3-5(b) iz, 3D FTEIf) CNTs/PLA £ 5 EMI SE [ CNTs 25 = (138 0 i 34 00 .
BARK A, HJEATI CNTs i, 45 PLA [f)°F EMI SE {4 2.05 dB, X5
BRI 45 SR — 8, X EE R AL PLA & —Fhde g bbkl, WH %R
T ROER T 45, (R e AN B AT 5 B i AR e » 2 — Pl rELRG B G5 WA
) CNTs TN 2 W%, BRMRIER] 6.92 dB, ALABE#L 71.37%1) H L RE
o AN, LYK E S BN 10 wi%lt, EMISE 4 44.57 dB, . 6 wt%CNTs/PLA
(¥ EMI SE i 17 dB3), LU 99.98% K B MR . LIk E &8 14 wi%
I}, EMISE ik 49.88 dB, FEi 7 99.999% [ N5t FEL R, zei# 75 A 20 dB 1)
PR, FEEATRIEE Y, R0 CNTs Jo il 4 10 3D FTERE L I bR et ik
T SCHRBIPRE K2 i), H: 3D ATENE MWCNT/GNP (12 wt%) & &44EHE EMI SE 1Y
N 13.4dB. [FIKS, 3D FTENH) CNTs/PLA B &M EHZ FEAUCN 0.48 g/em® F H il
DAFsE AT B E v b (B 3-5a), XAMUAE R THE, 1 HE ] U
[¥) EMI SE £ &1k, H SEA F SEr 27 (] 3-5 ¢, B CNTs &=,
SEA Fl SEr tRAEAWIEIN. 24 CNTs & &M 2 wt%dE I E] 6 wt%. 10 wt% 1 14 wt%
IF SEa M 5.46 dB 1403 24.58 dB. 39.01 dB i1 44.87 dB, i SEr N4> M 1.47
dB 4% 2.99 dB. 5.56 dB 1 5.01 dB. X EBKENIN CNTs %} SEs bt SER EA
Flo Ak, WK 3-5 (d) Fion, CNTs/PLA E-4 MR EMI 5 ficbL ] LR IS 56
NE, MR BERAERFEN 50%LA . 2 CNTs SR H] 10 wt%Fl 14 wt% Y,
WA B I 70% o PRUSCATIRE LU AT B vy, LR B A R SN S5 2 A 1 1 R T
FIRE IR . R — 7T, HMLR AR, 0 PR ) A k)N

8 9 10 11 12 13
Frequency (GHz)

= sk, - T~ =T
50} 0 st
[ Sk —~ 80
40 S
) bt
=30 3%
3 5
20
<
10 20
0 —ti ﬂ I 0

0 2 6 10 14 0 2 6 10 14
Contents (%) Contents (%)

K] 3-5 AN[H CNTs &5 3D $TEIRES: (a) RS S (b) EMISE #i4k; (c) SEa. SEr
M SEr. (d) AL R. T

Fig.3-5 3D printed samples with different CNTs content (a) Physical drawing of the sample
(b)EMI SE curves; (c) SEa, SEr and SEt1,(d) A,R, T
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3.3.4 FLSEA /% 3D #TED CNTs/PLA & & ## B fk R il 5 A9 52 M

N T BRFALTER /IS 3D FTERRGNKE /R IR E SR, Wit 7 AR
BHAAMAL. Wk 3-6 (a) Fix, fLIAESZM 3.0mm. 3.5mm. 4.0 mm. 4.5mm
2] 5.0 mm. &) 3D FTEPEARMIHE, H 10 wi%CNTs/PLA B &ML, JTEIK .
53N 34 mm. 23 mm FRESL, IS ERIBEREE. B 3-6 (b, ¢) FIEL
i, BEEMS LI EARR RGN, A B wos R A I R .
LA EAE N 3.0 mm I, P45 SE 4 30.74 dB, H42 A 3.5 mm I, H EMISE A
38.39dB, HfLIAEAHINE] 4.0 mm K, H AR kAR, Wik 44.57 dB.
KHEEMRHFLIFM BB, WA R T BTt se . BT b ik
RE A3 2 T ELAR R B FLIR A W4 G R T oA 58 NS Um0 T4k S 1
HALFMEARS] 4.5 mm. 5.0 mm B, BB #CRE Y 38.70 dB #137.50 dB.
AL EAR ARSIy, A B MO RE IS, X ERE LA S, &
o EREIERFE, A A AL e, HALIECR, AR T H S H R LK 1)

BeAk, oA T IR R RE (SEA) FUIBEMCREE (SER). W1l 3-6

(¢) i, BB FLIE CNTs/PLA #f5f) SEr (HI50E =T SEae M0AL, BEFE LI

BELARMIG I, HAN L5 SR —E, SSLIF BN 4.0 mm B, H SEr fHE K,
Ui SE 3 58 = EHE T SEr MBS0,

3.0 mm 3.5mm 4.0 mm 4.5 mm 5.0 mm
(b) (c) (d)
60
s0f [0Sk 100
sob [ SE,
=Seeege Hees s0} EISE; = 80
40} s N s a3
gao . = :,—’ 530 ] 5%
& o & % 40
Dl — 30 @20 <
35
40 20
10F 4 10
0 5.0 K 0
8 9 0 1 12 13 3 35 4 4.5 5 3 35 4 4.5 s
Frequency (GHz) Size (mm) Size (mm)

3-6 ANFESLIAR/N 3D 4TEIRE S (a) LI K /MATECE; (b) EMISE Hi4k; (c) SEas SEr
AT SEr. (d)A. R. T
Fig.3-6 Comparison of 3D printed samples with different hole sizes: (a) hole size; (b) EMI SE
curves; (¢) SEa, SEr and SEr, (d) A, R, T

3.3.5 EEXT 3D $TEN CNTs/PLA & &4} 1 Rk M sE i 2200
brFHEMBRSE. S, B EEX H RbER Rt . 10
wt% CNTs/PLA R AR, FTENK x5 N 34 mmx23 mm FIEEN, WEEEE N
1-6 mm, FTERFLIAEARN 4.0 mm, WEHBHFRRGEE. B 3-7 K, B 3D
FTENBRLRE S BE FO3E I, CNTs/PLA & &M BHG B L BR il SRR T . 24BN
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Imm B}, 3D TERIEFLERGNKE /5 LR G A R it () FL L R AU RE B SE #x
X, A 14.73dB, BERSCRIL 96.61%. BEFEFE & E L3N, a5 ok ge
WAEAWIG M. HEEN 5 mm B, EEMEFERFHE EMI SE AJiA 44.77dB,
FRMBCR T R A 99.7%. 1B 3-7 (o) W, TR T ANEEEREM I EE, R
vin 25 PR i A 5 PR S B G

(a) (b) (c)

56 45 0.16
b — o Sif 40 ~ loaa _
4F som——— ~ 40| ESsE 35 mz"’E
= i — =30 0.10 2
332 SR .- %30 3 25 > 0.08 g
W24t 2m w w20 =
7] ———— 20 0.06 2
of om0 15 o0k 2

8 L H’ﬂ s 0.02

| 5 X
0 0 il [ [} 0.00
8 9 10 11 12 13 4 25 3 4 8 6 1 2 3 4 5 6
Frequency (GHz) Thickness (mm) Thickness (mm)
& 3-7 ANFIJESE 3D FTEIFER: (a) EMISE #iZk; (b) SEa. SEr M1 SEr. (¢) EMI SE Al
FEAE AL i 2

Fig.3-7 3D printed samples of different thicknesses (a) EMI SE curves; (b) SEA, SER and SET,
(c) EMI SE and density curves
3.4 KENEE

FEAB T, fil4& T AR CNTs &2 3D §TEF CNT/PLA & &4 kL.

(1) TEREIITEHESS BT SR BT HHLEIPER T, CNTs #5110 A/ CNTs/PLA
HEMEY, IS PLA B%45G . XX G456 CNTs/PLA & &M BLEIH 71 28 8
T R R 5

(2) BE% CNTs I, PLA B)J1%#YERetA Frinig. 3D #TEY CNTs/PLA E4&
R 125 B s T 3D 4T EN4l PLA E &40k

(3) CNTs/PLA S & MR LB R BB E CNTs & M INE 2555 . 4
BRINVKE B8N 14 wit%lh), FRIESF % 514 49.88 dB, BEAK 17 99.999%HI N F
LG, TR 20 dB fUkR#E. CNTs/PLA E-&MEHE EMI 5 bl LA UL
WARENE, — M B ERRFER) 50% L L o ABRACKE S RIS E] 10 wt% Ml 14 wt%
I, IR R 70%. FEIXPRIEAL T, 458 3D #TEP CNTs/PLA & &4 BHE
EMI S A B RKE ).

(4) FLIF S5 R B AR B2 () U 6 32 CNTS/PLA &AM Rk FELRE B i 3R
AR REFFLIAM 3.0 mm 03] 4.0 mm B, HEBREBECEHEM 30.74 dB
e E] 44.57 dB, FRRIRLAEIR 5 T 20 45% KRR 1 mm 30 %] 6 mm B,
HH G BRRORRE A 14.73 dB #8031 44.57dB, H 4FESEE N Smm i, H
LT R M RSOR fe e, 9 44.77 dB, B& ST 6 mm KRG . IS 3D 4T EIEORKE HETA
R RGT, DA PERE S AR BORE S RS NG by, XS BHi2 AL BT 7T S (it R o ik
fitlho
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£ 45 RPKREMRAUEY/ RARE S RINGIFLHEE
Fa g M RERIT ST

4158

Fi A 255 5 N RGBT 58 T 3D $1 ENBREF4Ek MBR GRS S A b Rh ot B B
WEVERE IS . SEIGR I, I R 4B RBR 9K S BN . 5P ) s 2%
SREEAMRIN 3D FTEIRE & R OB . BB — L B B R R
R EoB —ERRE. B4, BEE A0 R SRR, A
X HURE B AT R R Y T R R KSR . R SR R SR P B P R, R AE
WEHEAR R e, o T RSB IR Rz —.

TR e — P AR IR T AL 4K kL, BV 20 7 B B 22 1
MR . . AV, R HRTRL. B, (EE Rt Bk
BoRl 2 SRR RMALL, NTFEIREAIM AR Aa e . Bk, 0755
RRIT IR GUKIER I 8L, (RIS ORRR R A7 I TP Be i Ak 21 4En thny &
TAE Tl 21 24 2 065 1 i e AR AT A 22 R R BOR SR T AL B L B B S Al R 1) e
ER AT S AR S KRR okE, (R 88 T T i 2 A BB, IF BRI
H/N, KA. WRIARR, 5 T IREES S 08, Mgt RIE &6
BHEDRIBY BRI 0E, 38k 78 B4 A [E] B N B 9K TR £F 4Ky, AT LATR N B — 44
BHRIAEAR AT 5 S PO B o LA 1

AR Z 1T I ) 2 AN [R5 = IR K A R A 4k TR IR Z A AL (C/C/PLAD,
TR U IR 72k B R B 5 Pk B AN« B R £ KU RR ST A A B 0 KA 15
w5, B 3D FTENHR BT st i e vk, FTENARER . ARSSHNE
ERORHRE S, RO H R R R . ARTR E R A EER. SR
PEGF. 1Rt . BAA RIFH EMI BERORCR I 3D TER 2 A B &4k N
T 5 B A2 A VLI B WO L A3 1) RS
4.2 KIGERSY
42.1 LR ENEE

A S0 i Y JEORH S AR [F] 2. 2. 1 /3R 2-1, AhFeJEURl R A s Ik 4-1.
R A-1 SR JFURE SRR A

Tab.4-1 Experimental raw materials and experimental instruments

JERE (S AR Bk (5D (IS A=K
BRI 10-30 pm CNTs LI SRR R A IR A
)

422 C/C/PLA E&KLHHIE
N T4 C/IC/PLA E&5K 22, 7likEe 4032D RABRPRLA EE N 10-20
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nm M ZEERRGUOKE . 1000 HERZF4Ek, %M DCM {E8 PLA W&, H 5%
K, HH5FRE LT C/C/PLA EAE KL

C/C/PLA B &K 221yl T2 AR E A 4-1 Frax . BIER FLERRURL ) Sk
25, DA a SR i 45 Rl i, SR LR U E A BT 5 AR AR T, At
FE 90°CT15E 24 /NI, BUHS N FH % BHAS B B ORAF - N4 C/C/PLA E& 41K, I
NG &) CNTs. CF FFJJ5 1) PLA ki, 285N DCM &t prkl, BALRIE
PLA FURLAE 641k, FAWEL I pEa8 A I 50IR G, AR5 1218 XUHE B AR T 452
el fE, FHBIJIBTRG PLA BORL/NR, D7 T2 K2 AW RBT SOmoR R
NG, TRAEHFEET, 90 °CHET 24 /NI, KERFKSY. BT S, NS HH
Bl VAR SLEH LB R )y 190 °C, MEHEE N 30 rpm, WEFEEZE R
2.3 g/min. FIFARRRIIES HHLE H 0 C/C/PLA B A K2 B, Mhtrtlaeie
3D JTERMLIOELR . [FIRE, %8 BR 04 T AR CNTs Al CF &&1
C/C/PLA B &KL, tEAR RS, CNTs Ml CF R S8 —&, RS EN 20%.

CNTs

A= - g®
e |

F-0O-%

4-1 CNTs/CF/PLA B &K 2211 % T Zife

Fig.4-1 Preparation process flow diagram of CNTs/CF/PLA composites filaments

H 3D Max 25 = 4E2: R AT 20| Z4ER AT . R B ARHTENZE ) yfL
TASERY, FTEDFE S B8 70708 34 mm 1 23 mm, ARFEAE TR BEEAFEE .
PL 4.0 mm fLIF EARYHEA, WE 7 HMBTIONE & . BIFEL ) LR Ay 1E
TSR, KBS HN STL #aRM = e ft:, SR SN S5 EHULER)
RN RS, WESHE S ERY A LB Geode #30, 3 A SD R, #
SD RifiA 3D FTENNLHIE R . o, KL 3D STHHLERE G KLRA
3D FTERNL, FTENHLRARYE BB 47 i) T ESHOHATITE . fEAZ T, 3D 4TEIHL
FTERMEHE BLA2 A 0.4 mm, FTEISZERN 0.2 mm. FTEDIEELN 40 mm/s, T
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EPALIEEE N 190 °C, AR IR E A 60 °C.
423 HmFRESMK
(1) JESERAE
B & 1 C/IC/PLA BAMBHELLMEN 3D $TEIHL, 7ERERH, $TENPLS B
HEAN 0.4 mm MLZ0RY), WA ZLRY), WL RmME G4, AH
SEM M & H AR [0 Sk T TR AR, i e R BN 5 kV.
(2) Bkt e ik
FIH AutoCAD i H R ARBIAYATEIH K, 3D FTEIHLFTERA[A] CNTs 1 CF &
B T CBRAAR BRI E T — 8, 7 B8 i SR INA5 A A 2
fi)5E S, R C/C/PLA B A EHE 3D FT BRI IS4 77 2= 1 fe
(a) Frfiiffge
PR T S B R AR R VPN R ) S RE I B R bR —, EATTRENE Sk
MRHESZ 2141 3V I AR RE S AR TERE /. %I ASTM D3039 HrdEx E&
MERHEAT RIS . InEE N 2 mm/min, E-SFEUR SN 74 mm X 10 mm X 2
mm. EEMERERE AR E, FEALFE 2 24K 2-1.
(b) Zfiae
BEMER S f R R TS SRS YR i ook, A, BaMER
TP A — e RR R e 1 2 MR FERI R/ #%18 ASTM D790 AriEE It
FAHEMEEATIAR . THHE A (4-2) 7
6 = 3PL/2bd? (4-2)
X o REMERE (MPa); P RBEIAHTRKE M (ND); L AEE (mm); b A
AFERE (mm); d NAFEEE (mm).
(3D FELT5E ek ek
SR FH R B X 248 23 M SO A it B LB B ik CEMID) RRPIEIEAT T 3RAE, AR VG
4 8.2-12.4 GHz (X B . {EHRMLGFMEE (EMISE) M2 A, 8 FH@iE
W4 (TRL) RHEBOR B RS IREEE, DLORUEAZS R B R R S5 209 X i
4%, BN ESAMGEHEST S (S), MEAHHBUE (S21 5L S12) FIH]
LR AIFE (S11 88 S22) 19 S 24, FFHILIFEMEHY EMISE. 1R A A5
2 mAI 2-3 £ 2-8,
43 HER51118
4.3.1 3D $TE] C/C/PLA E &M RIBIFLSREFE 747
Kl 3 R T A RIBRGUKE R4 4E & 21 C/C/PLA FEaBIESEl, H SEM
BT T RAE. B 4-2 (a-d) N4l PLASEM H, H\mEHG (K 4-2a. o) A
Kifg (Kl 4-2b. & BPuig ol 4%, K42 (e-h) N C/C/PLA &
MR SEM B, g (K 4-2e. g) ATLLERIBEE S Y CNTs A1 CF [
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N, H A BRATHN, ROARHY, HEE B 455 A SR gk
B, HIHLINAAAE PLA H, S =M RIR G . Bl 4-2 (f. h) SN C/C/PLA
R, FTLAE S| PLA SR 4EMBRGVKE, S S 5 0 i B 7 5
MG, Wk IR BT

4 4-2 A[F CNTs. CF FE] C/C/PLA R BB MM T B, (av by ey d) 2
PLA; (e. f. g. h) 10%C/C/PLA E& k)

Fig.4-2 Cross-sectional and longitudinal EM images of C/C/PLA samples with different CNTs.

CF contents, (a, b, c, d) pure PLA; (e, £, g, h) 10% C/C/PLA composites

4.3.2 3D ¥TEN C/C/PLA EEM BRI 1F M 8E

3D TENIAE CNTs 1 CF & &) C/C/PLA EEMEH T35 F K7 1k,
a3 BT AR gt . Hodr, TR N 74 mmx 10 mmx2 mm (5T
P B T R AR IR S RSTHARTED, KR RS 86 mm>10 mmx2 mm.

HE 4-3 (a) w51, 40 PLA MR 128 Re i, A SRR, HIj%
YEREE bRk, EBEE S —H 0 S, KRt el . 4 CNTs &
TN 5%, CF &8N 15%0F, Ho N 73k 44.25 MPa, e #— S B4 51 (20%CNTs/PLA
% 1A 28.18 MPa, 20%CF/PLA A4 25.93 MPa) [f] /2 EREL 5 .

18 F T REARIE ML AR Sh kAT = B i gk, BSERS RN 32: 1,
BOEE N 1 mm/min®. K 43 (b)) &R, BEE CNTs &=, C/C/PLA &
G MBI A N A BT m, e T4l PLA K (30.80 MPa) . M
10%CNTs@10%CF E-&M B dhi N 1ok, v 42.72 MPa, fHEG T-400 PLA 4,
LR IPE R T 40 39%. 25K, M CNTs 1 CF g 33 s H A iR,

(a) (b) &
60— PLA © ::-/l:‘::msns% CF
—— 5% CNTs+15% CF o [
50— 10% CNTs+10% CF T Sl
® | 15% CNTs+5% CF > 20% CF /|
o 20% CF £ [ —20%cnTs ‘
S 40 500 cNTs 2’30- ~T \
) ‘
»3or 5 \
o »n20r
f
ﬁ 20¢ / [ | % ‘ ‘
' | 10}
10} | | s ‘
= || = R ‘
0 PN | [, 0 . . . .
0 1 2 3 4 5 6 7 8 0.0 0.5 1.0 1.5 2.0
Strain (%) Strain (%)

Kl 4-3 AN[F) 5 )T 3D 4TEN PLA. C/C/PLA (a) hifitkfg: (b) ZllitERe
Fig.4-3 Tensile properties of 3D printing PLA, C/C/PLA(a) of different conductive materials; (b)
Bending properties
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4.3.3 CNTs 5 CF & 8%} 3D #TEN C/C/PLA E &M R B ML Rk 14 RERVEZ IR
NT RS S 4eky & B ELxt 3D $TED C/C/PLA ARl RS 57

Wk RE ISR, #1145 T A CNTs 5 CF & &1 C/C/PLA E&ME, RSB

(CNTs 5 CF & &) A 20%, 73l A 20%CF . 5%CNTs@15%CF .
10%CNTs@10%CF «  15%CNTs@5%CF LA}z 20%CNTs X Fo. i A [[] & & 1)
C/C/PLA BEMEL. WK 4-4 Fion, 24 CNTs 5824 0 i, C/C/PLA E&ME}
EMISE £y 19.56 dB, 4 CNTs & & T 3 20%I5, H EMISE 271 % 57.7 dB,
A BEfE 99.9% K HLRERE . 4N, C/C/PLA E-&#4 KK EMI SE FE% CNTs & &)
WTAWEE E, XA CNTs (SR T CFET, TR T 5 s W2 11
Be. NT B TIRBERHNLEE, 55 C/C/PLA EEMEBHK AT 25 (R). Wk
2 (A FEERE (T), WK 4-4 (o) Fim. B 20%CE/PLA E &K,
HARDYH R AT T 70%, BHE AN R, KB C/C/PLA EEME IR
F, LB NALTE, Bk 20 2 ISR, B C/IC/PLA AR ) CNTs
U

(a) (b) (c)
& —20CF 7“ T R A
| i 60 :_; ::: I I 100
60| =5 ! z so| [ st I | 80
— 5 = - g
gy — ge e
w w 30 o
0 30 7] o3 40
2 20 <
20} —_—
10} 10 HP 20
0 ol= [l [ 0
8 9 10 1 12 13 oF o~ o “‘;x “0“(5 e “.\‘;ﬁ «.\“4 0_@ » o
Frequency (GHz) B * o o
Bl 4-4 K[EF R & 3D ATEIRE L (a) EMISE H#iiZk; (b) SEa. SEr 1 SEr; (o)

A\ R\ T
Fig.4-4 3D printed samples with different conductive substance contents (a) EMI SE curves; (b)
SEa, SEr and SE1,; (¢)A,R, T

4.3.4 EEX} 3D FTED C/C/PLA S &+ H B Rkt e R2 M

BTN R SLIR AR, T ARRIE R AR EMISE fIsem, HER
JEE B RAN 6 mmo AR ATEAMMIE R, KXY KT SLiRE, AT EE
HIEEERE, EEXEN2 mm. 4 mm. 6 mm. 8 mm 1 10 mm, L 10%CF 1
10%CNTs [] C/C/PLA A M ENEAT 3D $TE. il 4-5, S5RKW, FEEHEN
#4hn, H EMISE M 2 mm f) 36.30 dB %] 10 mm ] 64.24 dB, SE #2571 77%.
WK 4-5 (b), MFESEE N 2 mm 30 E] 8 mm B, L EMISE HKEHR, $Em
7 24.58dB, MM 8 mm % 10 mm, SE{{#Em T 3.35dB, HWKKZEE, X5
R T2 AT 9 4 R — B THE R R (RO TR R B (A FLE S 24 (T,
i 4-5 (o) fix, ARBEEHRBKRT A, HRHEAGET 60%, FIHX L
T 0 B AL AR 34 A2 DA SR 32
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(a) (b) (c)

s S pfond 70
60} = e— )\ [ SEg 100

60 | 7 SE,

50} __7//\ 50| T SEr

BOr —2mm 30
— 4mm
200 Gmm 2
—— Smm 20
08 omm 1
ol 0
2 4 6 8 10

8 9 0 11 12 13 2 4 6 8 10
Frequency (GHz) Thickness (mm) Thickness (mm)

4-5 AFJESE 3D FTEIFERL (a) EMISE #iZk; (b) SEa. SEr#1SEr. (¢) AL R\ T
Fig.4-5 3D printed samples of different thicknesses (a) EMI SE curves; (b) SE4, SEr and SEr, (¢)
AR T

4.3.5 FLiRLEHINT 3D $TED C/C/PLA B &+ HI B ik R it 5E A9 5200
WK 4-6 (D Fw, WE T ARSI, R C/C/PLA EAEM k!

EMI SE s . FRIESLIFBIRHE, A AR Ja. R LTl W
Kl 4-6 (a. b) Fon, HFLIASE M AEFLES, L EMISE &/, 7 48.79dB, %5
MR G, H EMISE A4 61.74 dB, AIBFi#IZ) 99.99% 1 kLS , EMI SE $25
T2 27%. SHTRFNEG F R AR R, BT DU G 6] B i 34T 2 B
WA S, DABRE L B MRS . ok AN R FLIR S5 AR i s B AT &,
4-6 (¢) Pin, % B34 F] EMI SE a3 —2.

=]
o

E (dB)
8
j;

E (gB)

o
A&R&T (%)
&
o

=)

(a) (b)
2r 70} 7 SE,
63 =
[ i
mast 55"' -I- I
o T4of
w T — B -~
0 27t — s s
18} 7)1'-}[2 20!}
9t 10}
ol— : : - - ]
A & MW WM @ an  mw  wme i
Frequency (GHz)
(¢) (d)
" . 000000 900000
| " us 000000 000000
s : : 000000 000000
8wl 3 000000 000000
-~ >
o [ s 000000 EEEEEE
= ,s ©00000 ENEEEE
- 40.
10} <+ Density ‘..... ......
0.0 00000600 REREAER

AN [ £3 154 4 Jifl

4-6 AFEFLIALER) 3D TENFES (a) EMISE Hiizk; (b) SEs. SEr M1 SEr; (¢) EMISE
M AR 2k () FLIR S5 R
Fig.4-6 3D printed samples with different hole structures (a) EMI SE curves; (b) SEa, SEr and
SErT, (¢c) EMI SE and density curves; (d) Hole structure model
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4.4 KEING

fEARTEF, [FFEEH T CF 5 CNTs ASHMEL, PLA NEM, @il
AFE SRV SRR EMEL, B 3D FTERH ARG FE 5 1 B E g i AT
AT, BRI R LR R o

(1) FAFEERELA CNTs 1 CF ) C/C/PLA AR 127 GE k4T
R, RWZHSFEYBENE SRR —H W =k E . 4
C/C/PLA &M KL, CNTs M1 CF & &A1, HZ itk refE. K CNTs (1%
HIEREIL T CF, 4 C/C/PLA EE& K, CNTs & &#iE, H EMISE @iy, H
T BRI ) B ARG R A

(2) JREMLLIFS M aese = 2 &4 BHY EMI SE. JEEI N, 3 EMI SE
WAEAWIG N, 22 FEIA R — g fE), JEREXT H B ma /RN, B RS
PN, EMISE BHA K. 4k, SEFLAG LA, R S K EMI
SE FEUF, N FREE AL LUK R 45 F %o B B il 1) ot i A P SEL 47
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BRE Fit5RE

5.1 #5ig

ARICHET 3D TERHIAR, il WA — @ HL SR KB RARE &
FERE, BT 22 W0 45 R RN 2EL 43 R 4 S B i R G R ik 1 L F o S bl e A
G T, A HTRAE T 3D FTERNE AN FURE BT MM e S OW 5 R R,
AN AT Hor BB BB R R . kb, f58h 3D FTENEC L, Wit
— RAVFLIASE K, 4 T RBUR RN 3D T EN BBl R, EEAE SR

(D) I H R AFEIEAR, 850, EEMRA 48 (CF) &&M 3D T
T4k SRR (CF/PLA) EEMEL, $RIT 3D FTERFANT B 5F i M R (1) 52
e o 383 SR T BRI DA AR B, I 44T BRI A 190 °C, JRAR IR A 50 °C
I, FTERRIRE S ATENERE, NJE SRsLiG b ATIT ™ 1 RAFIEEAL . thab, ddidx)
3D #TEl CF/PLA E-& RS2 KB, CF £ PLA 1325188, FTEIR CF/PLA
HEMRIB R STENKE SRR LLAE BTl o 38 1 24T BN 2 BOR 8 SR
(P B2 AL, AT AT 4T BRI BE M PE e AN B 5, A1l t 4% 0 v 1 B 1) PR B i
fF, 4 3D 4TEI CF/PLA E-&MEHMEIH R F N 50%I, e MgHARIE., FE
S5mm. CF & & 25%M, HWBEMHAEEN 24.47dB, BFFlERIEE] 99.8%, i
T K o IXAEAT 3D FT B ARAE FURE 7 R A 1 1) 3 A0 S A 27 th BRI 7
JIRURH

(2) I ] A BRGNS & BRI S R AR E &4k (CNTs/PLAD,
E 3D FTENHR RS, W AN FFLIASE M. JEBEFTED CNTS/PLA 5, NEE
A = R R M R B Bk . SIS EE R, 54l 3D $TH) PLA EA M EHHE
b, 3D #TE1 CNTs/PLA E &+ RHEL 4l PLA AR Re G BT i, HLBEE gk
GO MG, FTE R E RE R AE A W R . kb, FLIRSS MR B &
JERERILAS, TR L SRR AR A R . YRR E S BN 14 wi%lh, FLIF
K/ANA 4.0 mm B0 E RN 6 mm B, FLBLBE MCRREIE 49.88 dB, Bl T 99.999%
MO R, B ML AR ey 32, i1l 4% (1) 3D 4T E CNTs/PLA 5 & 44k}
15 HLHE B i SR A B RIE T

(3) mitHl 2 Ao MEL FEWARRADSE, BIFRRSEH, RITH
% Z W5 T YRS A MR RE R IRLRE o )25 A R T B b B AR A K
IBRETYERD /R FLER (C/C/PLA) E &R, ila T i & &8 20%, fH#8) 3D
FTENH AR BE S () R FE R G5 34T % . 45 R BoR, 240 SHEYRNE SR
() 1R T — 4%y, 1E C/C/PLA E&#1kH, CNTs il CF & 841245,
Haih kRt tE. St Jimm, SEFLRTT LA, JEXTRR EL G FREE /B & 45
FapXoF LB 0% %) B A BB 4F
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52 REE

EEXE A SO FE R B, AN R, Rk iR 53

(1) 7€ 3D $TENK LI %M BL, BES SRR, 3D $TEIE 4]
B4, R RIS, AT A FLRAEAE, WHRERIMEBE A S Vrfnd, H PLA
MRS S, WTRESARR 52 Bk DL REA — 2 RIS

(2) FEIARIFFES, HREFRT AL R AT IS 0T, B 0 RE
Ber AR, B A 5 R SO AR T A T R SR

Ak, 3D TENRASKE E A B R B S 2R E X 2HARS
RV 2, )2 LRI TE -0, Al b R TR AN 247l R TR SRS AT 7 6
B34
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