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Copper substrate fabricated via SLM

Fig. 1. “ stat. b ¢ 'h =3DG/C; M R l'lf yat ST ppata f'fL‘ia 1a'“3. a SIM | ; o Rt in-sing g B9y
3 CVD(-I”ht) (F1‘ht1$5t h fth -1fq'h st )k

Graphene growth on SLM copper via CVI

1 th s ))1‘2 ffl“
lcth ﬁu "l‘th-',i-iic'lfni th-‘- q‘l‘lfthga )

ASTMB1932002~I L nfs -fpasm. iﬂ -f 30t ?'S. fS~13I'~3L 21 4« Sy Lant hog’ s ot L‘
(i b 17 1k ar.‘ ,ﬂa‘ LT Jh‘mal‘ ffg»f ALt £ o stag 1fln«'” rs (@ Dast vhw L’nﬁ
B oas gl B0 R T 2 @' 10" 1Gm Zan oS sty e fg’}_‘?l‘]%kl 2’ ‘nv 500 a.}.wf .111"7 1 “=(A), 26.7% psh 1
5 10 1Gm ) 1 ASTME1461-2013 “ha'sm §s=p m ¥220n L(B), 16.7%" 1t 2y STV o(Chpt 26.2% = .
hap yie Bionlf n.taf ns §12 'h- JFAGsy st ', m ¥ 1) foqt t7 n“sl.;ﬁ}” PORAE T ¥ g A 'us-_' )
NK<’h LFA457 Gnan )Rmanc At s (SENTERRA By J<ss LEDCJ;g ) 27 (E.'6, Jas wpyt SD. B <I“f1 syl o an
Gpan ) as s1 0 ‘hag’tyl L “'h = 3DG/C s’ ff¥

Than ‘.- » $y’5 ?973‘ ] 1t
‘At a dagth £ 514m - F S g g S1ant §21) ‘v 1

qm ‘<th <’ wﬁ fhvh
lﬂd.'r.»: ﬁ fh‘g.a‘ 1 {r it
m &S 113. fha 2t yn Lt ganat? -y (VNA, A A3t PNA-N5244A,

P,T': L“ss’nn S

fg’la yaa ptatl oo 1.'-"“ »fl. "}‘;LS

us) qm”‘h«_iam Th ' 2-18GH. h.al s  SEl, SE ES L. 57 1 wAS hnm’fgl‘a“‘fﬁﬁ“'fg. "o sdhe.

a sy 'n,an' SE' .ﬂ"‘fn",‘."‘f.n.@".as E.25% e ‘an-g 1 ust a<1~<fﬂ1fi-7p.B‘h. ",“hf

L})lh" inflg.af Il. ! ‘ flmch ‘- A‘thtﬂldql lfc fﬁﬁ f} 1 qf’l_qf th-
Syp” WL" g TH B yaP

3. Results and discussion wm oSk

thos -t P Lat h mf b 1& ‘s
‘qanl asa 13;%,311%{'" 'L 12) 1]1?

‘I« as 'aal tha

. moamop b g LED ¢ 400 b Zh‘.C).V\hnaL. ss - LED
3.1. Formation of SLM copper (> 800 Js )lca L ay %hL 130 1 . %'1-' . Inliaﬂ
sa ¥ 1 {nD), b’ ; Rk 1
3.1.1. SLM manufacturing of copper under different line energy densities F:‘ ‘E Q?'I;‘S b5 L ﬁ‘lt (% )$ a,fa"i u t T ass ? ‘I“L
- - b B 4, f —k.
L CLEE s oA S Lo t ‘yan’ sann 1 Q).L) l']'lth hth “qa's ﬁ Sann 2 s .“L 28
‘3. ;‘ »l'ljﬁ.r»| 'h 'S"af“l a “]\7 [ T hg'h foglf » ¥

Fig. 2.4 ) T )akfg =t fa a.l.'
wf,n'—'?l«qlw& k) *1@711 h-
ta' “g 1‘7 wand s’ Ss- cmy ‘f@'.’
Z&i,l‘s. 10 Ssn’-"xﬂ '
s

Unstable melting

¥ qan! sann1g s ).‘..(F s
at ll frh-'[fil st 'L ?th
ga Nz 2t ya ‘1“1f«1 1t
‘- *_'h frhial‘} j

kS
s

200

® O O A A m © Excessive melting
= A Continuous Track
Ty © ©® ©® A A O [ Unstable Melting
D
= Weak Sinterin
2,160 - @ © A @m @m ¢ ¢ .
£
>}
& 140 - @B o ¢ ¢
204 ¢ 6 06 O ¢ ¢

50 150 250, 350 450 550
Scanning Speed (mm/s)



K. Cheng, et al. Composites Part A 135 (2020) 105904

| sty 1 Oatyh 'y s, 6 A aw ( Yas
(Tl & oS J 4

e - preA s s \f g (13000 3(13 4a),%h “ﬁ
A . . asas A ac 180»Vc fn. 'Sh] q'}‘ﬂhfﬂlh- ’h{ N

it X Ay fregta B ean M
Overhigh Energy Density ,( ;\ Jt')h 30 2 Q-].G } ff’ ﬁ(tat :a a rhgf%whgi. r;::l
T-VI q QT - i‘.’ s.’|g>!‘

- 1 LR MR DR & A,
5 A bt gl a.* 1.0 ssm'-’arﬂ fiaw Yatlqd t s

3 High Energy Density ) ; ‘ =y ﬁL It

) 284 dp . W'hfh LR h«}h -13.5@:,331" stz a
;‘ 857 Jam .S ‘81] 1111 E ‘e ¢ llq )I.S ‘y - h]} Lant 1‘h‘_
z A A n Wy Vs2iin as Tas a1t e B tash (7 b
3 Medium Energy Density WA ‘th g ].‘ t|].|< 1_h . 4 h”hL ‘1"‘Q-ﬁ_

= _
— I I atn ooy 96.2%' ‘he L?lg at 1.‘1.'-7.H' ““'s, th
. L. 1L asag » t g 'ulm ° ' }af’h"cﬁn - &1
Low Energy Density 3 ~£f 1

ysant n @ ¥ la la. s el T zh 11.7 .

J 1 hatn hm hi p Vanm P c” s ptwaa
L - A 1 -3t ‘h"hfh‘ma 4 h‘l 't. 3 (398W% M-,

opper powder A t t it R k

L L L L n'h<1.<fﬁh 1& éa n ¥'h'w mat ﬁ~

o 30 40 50 60 70 ¢ h . ghk (1::7 %), Qh 1 T ﬂﬂ nfhsass blb
20 (degree) g l 1t g2 P-fﬂ% ? an“ “. rh M-I—
, A - . ah’n-'n“ BS*E']:~” <'1~hf1~‘h-

Fig. 3. XRD }fr g,crffh 4511.'5 }’11" 1-ganlas- 1"’: L)ﬁs k;’; g mat a ] akS ‘L* t oash ‘S.a]u’ o A sma a’tas
m;i (f”' ’Eﬁthh .ffh'ff;’lr:w AU;'I',fh'f.gl'?'l il a.fncfaf‘[ prif Batin ' w7 hSLM gfws 31 d
1 1 If'ﬂ' i *‘l f -1 - ° 4 h ﬁgt f‘ ;h’t by g f 128Mm 3, )I-t;q fh h ‘h‘i

'I'I-'

1 q

‘gah

3.1.2. Formation of anisotropic microstructure under different volumetric ) L fsh s'a L 1
energy density r -4 ‘h‘ £ (F’ 4d).

a)f.l“a I“th-h ‘W L. th
Asa’’ pf Mgy 88.6% ffh-cl-

T’Jna? F;‘-Qf ? l“ kﬂ.lk }ﬂg 74 I.au XRD ‘E e 1ct1_u 11'811 th *.SLM . .Qh pt
tt ‘@S l'h .(1 1 1h]| (200)1 ﬂJf hQ‘ fﬁ;r‘iaf 26 = 43.32, ‘a.‘l QS&]"‘ 'l{‘ lt' lhhg S (F] 5) B . ;aL .4 aL 4
anl 20 = 50.45.,1$} - (FJ 3);11.‘ thL(111)1-3%t b as RN R 1,,5 Tgtton g B L Nt e-

B b ogate . T'Jﬂs'-lff ? p Bs guafl q1”-'- 't XRD  t5 st n, h ‘b aah atty
1” @St skt T ‘@h th -d th,, oShaz 1 ff,‘n Lathe. 1 1 flR' thl )Qf-ul|‘-?¥" L:l‘t
S

12l Bag ﬁh”h f g bR m J!.'-'gn 1 1f~nfh- 2 atth s | Sontat

f th-an s f1 fﬁ-r‘a -
. hefie )@ 1t gl 'Bf
F1t h2 'hf‘q Tf

SLM g *'ss . hatlt gy M - ﬁ;bf.:;'. B ¢ SLMsm 35 sh' t th -l rrm T bty el atigha_f' ].'l o aLth
t Rok oy 'lf@'fnan'zka 1#-. M an B nmlf f«ta‘%l t 'h‘. y Vh'hf H's th2y f'h@uha'&h -
styss 'h‘as'ﬁ,fm s -h"h’ ﬁr‘- 29 . 11 LR 32 B tin 4 hoh thomal 2 St i«l‘-
TR o1 § V¢ ¢ Y » W1 rnth. ,ncllcﬁf.nfvﬁsfh.ha.fﬂ avwe fh‘.".v-k‘*n?‘—
r;alq.;r 1 frh‘-SLM NIA_' })&$ftalﬂ 7 .f.ptm "-]‘Rhﬁ“ ‘) Llif th- ﬂ-’l Wh’—’ La 33 th-a g,
fm < q':at*g]? g 'hh, T:-I-*n.ahf )-s A1"’.ts ‘g’ 31% fh' m*hah“fn 11_].1]1.}117 1,5 B ey ‘h"flﬂl

-u’l‘{{t("u PO W‘ﬁcl :

UN-METR PO : W
i 2 ‘mrer-layer vi
pure with vtrutk

inter-layer - inter-layer.voids.

_ Fish-scale like defect
gas holes A

e U IHUTRG PO

non-mel

Fig. 4. 04/t * I, LIRS R LR T 1af~1. Ay §1 603 1 'all 200 S (3000 ), Ob2h (857 1/
nn 9, Ch I"‘-‘]’gu (285 Jim ),k)L g (128 m ),13 L (F 'l'lir ;ﬁt'jh h qu‘h 3t llflrh,l ﬁ r” % wl h gt ‘q!il.f‘ﬁli
fthe. . Bl ffhf‘al g )



b af g“glf;Ih hy Zh S Iwgfz » 1+ Tar! 3 3 W af.



K. Cheng, et al. Composites Part A 135 (2020) 105904

101

= 1 240
= ) B o =
[72) -@ -ECz E
':?‘ —A— 1ACS <
= | =
=10 =
>
= A A A A =
R ==
2 N s L ARRER w )
(— | | s S O ® =
2 =
= 10" 4 S
3 S eerex
= ’» g TC-2
ot z § 140) = B+ TC-x(theory)
= Yy i X = = =0 * TC-z(theory) °
- | . ) 2 2 B 1 1 1 1
3000 875 285 128 3000 875 285 . 128
Energy input (J/mm’) Energy input (J/mm’)
1| @) al (d) Heat Flow
7] —
5
Cold Plate
i i
Hll = 5
o o a
% IS 3
2 I S
Hot Plate

fapou g p g BE SOhmat fﬁL )lu)chna f'hn.ﬂ A

Fig. 7. i)l; ’a‘an* (L)'h‘g‘ah »t ’f'v
(.)“hfsaf’ 3o Ypmatin aly 5 ffqlf M PE Byyagaya ”'Lf N

S0 N L
Ll" -13-" ‘gqlfgllnf hae - V]li f"hflal L -)

1 F.ate f. 't 4 S
41222 ). F 1 ;5 n g’ .-If,m s at s

i.§r1‘_¥.: q ‘&Llif‘tﬂ ey i-‘qzj-ahim ':.1 st n a1, Atiu , Tyt o Sgatdhata’ . 7 B

an‘;m ‘8 snsfgf‘-t,cgﬂ 'SEM,V'hfh';!a iy sssttonn -
4

t L tegt. s - -
3.3. Morphology and structure of CVD 3DG/Cu porous scaffolds ot h b Aly- g 1R ey ;iSEM&i -
A okl A T
e e ., et £ I SCAIS AN 4 Tt e ha sty tam Ly
i ;t;:_}l’; R fft Bt 2 agpmatd adop @™l g ¢ permarh- fa "
Eahf t‘h a 'SII o L Q. ‘- - ma? s T T ?7 (li’ 8bg )I‘ ﬂ]"S | ) LI
an‘f-[ nac M B h‘i ay’ oLt L . Gp RBceas f 1 2 - -
| JCh S = N R A E LI T LIS T ’hT“ n-
b3 gy von b gge's glea Om HTA L oy e Exop? L3 b thoasa f. ¢, s, EDS
. L3 1 L3 - SySRte
.1 th g2 g;h.h‘h. »., s, gt nah ] S 0 na 7 2t af“l.fh > 55 h . 1‘.;‘]1‘-’
ffs- hah‘h 4y nafms, “.agas als IL L | £d71 [7R R ))’
g & o’ L gt e ¥ B sty Jn (@ . scd), boh
m Jh e @'h Loa’ 'y ‘a2l C'an"—’g fL. - PRA ‘J'f I s
'T nl f 39 K% gt *)2” ¥ 1a 'h 1 28 hﬁﬁ' R A ”ﬂ%{h s -
b f AN t. E N “tagthe t.!
hl s 3.1‘ nag b ),< staitata 4 ' atag wg VAR R llas sahe h aznfialon

. 4 .1
£33V ogatay rafm m. 1! fh-hri 1y B‘mbqug- L(If"feg) y t'll' }DG/CI'_E'I fh qaff sh 'L’I'

te <t ® . 8h).
h;.(zm W ogaay natn') 5. Bz ay nos gk e o ’;1‘,: : ‘B gt ,hl]‘ ?|‘|%|L o 3DC(1/ ) )
Y4 291 o C@n‘ N,L .a . 401 asfat ft an 1 ful e px B " <, i
hﬂm b —ab E| -1' £ B 1'1 22 th-.? 27 4 g8 Qg attd m #' P¢ mat n. . '3 Gant (~
H ¥’ ;I-J ‘3 .a“‘a;n s 'hn-ﬂa fans 11% o gl 1990 s a<'h -2p%at £ 2600 _1)“ 77 s lamy
-4 1.gt.. t. 1 t -
ttgh“f ‘o H'J 123, 3 'n if‘t --thf an th s 41) 4. rhjuh .Ssq S ii 0]!317# B‘Jh f - 1 ‘.&S ,42 (R,\‘ ?I) Sl"u
N 1 af te e h-eD-an t 350% )y- “fs T -'§ 1 3'1 ay nY.1nTaq -
. Lo ThaCVIEy 2?8 Rropm s sfaflys 3243 hoatust gt . D' Gahls (p/l) as’m a4
ﬂ".t‘!l';" t]‘ﬂtth‘q‘. as %h ?t‘¥’f._1, L ‘-'Dth‘:ﬁ a'ﬁ‘ahi ; | l - f T
1 1 1



K. Cheng, et al. Composites Part A 135 (2020) 105904

i

i :
p—Lmm___ B 10.0kv 8.3mm x500 LM(UL) 11'!@(%3.6- - 50 um

Fig. 8.4 - )SEMn.a” s g 3DG/C1 §5%a e 2V et ff.,‘n.fma% -flat- ns; ED§ya )ﬁ'-' na “r O)Cant ()G (.) alna’n flat- n ; SEMma?

s gt a? EDSaa}'!mag‘.fg)Clan‘l)Ch)m$1<1c f',ar.‘af ,'Jgh ‘thM()Bmah<).g 28 bl.r‘- ))wffk‘

s “ffﬁl“’ r.*f'w (F-,mf‘,‘ﬁf n 'k -',f,}"ﬁf ’ w? flﬁﬂ‘.kg.ﬂ Jh et vy 'lr.nl.f hae = § b ffhw-I )

1. a.L'h st Tl Whsh 47y h'm s J y fl 3.4. Thermal property and EMI shielding effectiveness of 3DG/Cu porous

afs,hcat o In/lgn’ yas 4 Lam 071F 0.93, 21 atdian 1 - scaffolds

'13.5‘-f f-fqmamka”l r»]_r tRY s | *»]_n '. “t Ag'e,

16 us- Aa tns. v Lan aﬂl"h’n"fnzl h T:*g.a“;ffg-»n o Ban’ oS <tanfa“ 273251 g0 b
B ogalaep 1000 Gl gt CHyn 305 %y 2y M oep At g7g 1"-:& =Gy p gca b G 26.8% 1" yas

20y h) as § Lf 1" BDG/CL 1 8¢ {Q 11 11- ‘T l%ljtit rh‘-'ljl'flgl ))11f11 ‘S {anta 148%1:'12.‘



K. Cheng, et al.

(a) M- 3DG
6.6F -+ @ -+ copper porous scaffold (HT) .-.
" --@-- copper porous seaffola e
6.0F ..
a -9
.-
5.5 e

al Diffusion (mm?/s)
o
L ]

&
- _in
T

3
L
e

Ther"m
=

100 200 300 400 500
Treniperdeare (VC)

Cu --SEtotal s 3DG--SEtotal
Cu--SEr === 3DG--SEr
Cu--SEsa — WYG-SFica
S —
s
&
N Sh Sy
Z
H
@

: 20
17 PPl

s 10 1"
Frequeacy (GH2)

(b)

cture

Fig. 9. Py man’ "« ; 3DG/Cy p

Maltinle - =8nctno

§5a ffk‘ 4 )h ‘paL“ ',fftvq',h ; () SLM”

‘hann Varta Ftod ‘.st{fi,}‘.t 1thmatmaraz m vt ¢) EMISE () C

'I}IT ‘% ;‘5 r.ﬂh f h ey st

Table 1

s - 7 s smatogal thom by st sty st 3« n EMIsh- ¥ 22
G s ¢ ah (78 procasl gy fma - 1].”’?,;}1 LR GUAR RS S <h7|&‘1<‘.

p B 2am Moatp

o

p1d 'J.Lil,ﬂ, yssfl bal R e (hm 2y n sk 7y fl 1
'$1‘,ﬁ‘&1r

nths A2 B th et g s et e . s s
ﬁl!‘lrh,lﬂ‘ul %', e qﬂlfﬁ h :gjl! f"hja

1,7 5 (9 Shhat’ ; 3DG/C, n EML (F

Composites Part A 135 (2020) 105904

oo

=— (yaphene.

Cu

Cross-section of 3DG/Cu porous strt

» man’ "an’ ‘h‘gaL " g.ar.".@l -

Coating materials Substrate

Method

Maximum shielding
efficiency (dB)

Improvement of thermal Ref
property (%)

Gpraarh Gt

G h;'_ PS
G g PMMA
C/& jrvC, A
G g N
G g - CU'-N;l
G - ¢
GgBaa? & C,
G g c,

B ofn e dcdyl dam al +'hw 'fal
n ‘m qsl 1 1
h -;sstﬂ‘.' B R b 114 +&L'La.’h1~?
't 149 o e g
Sal;i;: b Y R: + mogt e +a%h
sop’m Tt o+ dun hm al Jra
Fam 27 + c¢vDp ' ' '
ybs frag o+ dun gttt
P 1 ysatiag + CVD ‘ !
R&dy1 +hmatam a.l@?
CVD + SLM '

37

29.3
19

- 50
- 56
- 57
8.5 58
554 59
- 60
2.4 61
6.3 62
27 ks T

Note: )L # th kn. T’y kf‘J—PPMA, )L st 3 "<PS.



K. Cheng, et al.

f fp - HT’ »:,sm. *'S %ﬂ ‘1rh‘$lﬂz T gal as b'h -

in—situg-I th (FJ 9a 2 dh s ).aL noaln fh ! < 1‘31
ﬂ‘-f '} h'h “Zan 1" -rh ‘ed 11 qui lih ﬁhc)tt})-h'
Zafn the 3DG/C1 Na PSS T an Bhan’ 1’

1 ’En. < I sa% 1']-: 1. fw '}af rl-: HT* Ppt SR L-ﬁllQ
hmla-ﬁ-h'};na .,fg.an .fa'!grn<7:1 T

e ha.”la.ﬁ. Bl ifh< a8 -1 ‘1%s L
2y sa 412 hb 186571 thm an
1 1
fl‘-"} a fha-t an 1,'}1 m } ‘1‘!" thihat fgh“fi th
AR "hnai man a's pst4atd SIM’ »t
s d
“l

1-2 o madat}-d
21 s -1L"S'Jg1l

. A vsssfl o pad s hnu" 4 (h 2h am '-’1 fl! “Fan
ah Lgls tmn 500m mata sty gt e ass 2 ossp )
t*]' (Ry 9b)’f11rh 1‘1& h“fg $ 4 tc t'htﬂL af:h
H'u Lhad g s fhalanhz 4 ¢ ¥] 17&1 nant
*'stand ' a nﬂ G mfh.'hna]l ’ ?‘{ 3§'L< rhn.at
1%|~’H| ) STy 11'fs‘“' Animan g rtﬂ'q l L,
<hap la.al‘aigh B §yS 1.*1-:.']-:1.:1"¥
f. * an‘af .}'-' a1 v hm
& 1.1 1‘ -2 q thhs g« ;SML
1“& ‘M 11- ']-: 11‘&2.11':‘& Oh -fy
Tnfman ' o hoe e hma
=Ny

T Vm nst k-‘h -)"hfflL ¢ 'k "~ 3DG/
EMIfh EMI SE, h~h ‘fa g** {sfh"ay;f
a

;f* -
h?h -
4 }

h‘lﬁf. .t

1 tycs'a ff#‘ £ 1
Fatfugt ‘.‘]-:‘.

“fymagZn L’ (EM)§1‘=1t h, as n i“’ , q'h .f1-
an .f218GH (% .9, b tagas L LITSHE S *m
W'h msttu'51'1.'19 'h.h'

q'h-f‘uw BN -
pr §5a ff th-a -a? ".SE}’ 1&S L e 159r 32.31 B,
ﬁl‘ah-.fLMs*B(ssz%nl 1&S DA 1S 1812 b mm Ry
af-n ¢~ 201B. R -I}an"‘ L"f
G/du hf]g. lag VTafg@ro L
44 1t EMI

‘quf B

r%"’

=y

ant ‘h‘g.ai[ 4{ E

'h:g 1a1.‘) JKLa ffh‘-
‘mopsls o la.“!. fh ] ﬁmw t -« EMI SE
a'h-». 1 ']-ax. 133%m 'y ' fhan atyasl gy s
Tast (o,ma M ﬂﬁ)fmu 20t 110 PPII()tﬁ e 2’h).
Hj‘.‘-l KSJ;71-U)453L5 a"l-- t]‘)']‘JQ )‘hr a”??"n,s ‘4.
t 'hhh"-'h‘-psf far by 1' 1 CH % 7 ~h < EMI
g omar’ e W 2l smohy s ‘atgasag gyst o Tast
fym 170 26PPI(FJ 9c thsdrthnt hm"La 105% Bhan’ me B 1
EMISE.% 'h'y 15.0b" EMIch 5 x4 san aljstl
“a fiVogpst hhead vhf HMien om HM B
3DG/C, a1 & Sty f = 26 PRL k- t-lana' ‘a7 LEMI SE
3231 B s gt f 99.9% { + 1_1.v'f'h EMIa 5. Sm -
b £h ¥ 2 h'—’e jrogam a“a ‘h- s17a 6Gym h ‘I
fam (30“13. th <y LTS TR ¥ <'a ff]ﬂﬁ 46 . B . EMI

sh- pan’'s l 3DG/C,, flh %l ') 2: wasimat-s
1&‘ = n“ 1Lt LEMISE ¢

ﬁkalak Cf‘ifn T Vs 1.1

% ".3DG/C, 7' m' 11.<'n. }g .l.lh"t ftfn'hS‘-f

Ty 3D'g hm si” B R 0 - W p S22

a )L;:r:h )f'n'fg [ 17

"n.'an lhﬁ“ EMP psst ¢ ~fl14t- 0 (SEDa s 1 & n

(SEan" m oy It S LI II. 'Jnavn t"(EM) a_ s 47,
Tha 1-]‘3{ -an P AR

h‘hataa? 3
mazn L 1 s,ant 1-‘;@ s.ph&‘mv a ,atc,ls
48 . R*sa.ltf O R e ! T XL hﬂh"h
L“.Ha st fman‘ sa 11.1. 1.ﬂ*1." ;,.ﬂaaﬂn £
a g, h'h Qaﬁyil t-d fh ‘hrnﬁ'rfh rhf'l-- -11!Q 1]’1L
ana's 4

A 1.15_‘. f‘!.f<h h‘mrm.fEMa‘.
dss 1S FY il heata’ton b -' “himaznt’ ¥ ap!
“.f-l" 5 50 .RZ%'y§aYh s 1 EMIa s 1%&
1~~Ia.<“l "B <“r~mr~ $in Eh‘fffma'hl--;-
mows nal ot toea g 'fhn al pn'nfnt Ut mady
o'l f};m EL S, ha< CvU 51 . Ftaha'h}& nt
Lf',a{slinlm 2ant s 117 gy mar’ ghn-awn-
AT (R pfl. 50 150, 53. W 13.1 '}af'hc

3DG/QL M cq' ff¥ sh © dan tctn,’l LN man’ fotp L

Composites Part A 135 (2020) 105904

S 1 gqf’ch L;‘nvn.". s Tha wt. ffantha.Q‘.iwl h
SEan? SEaa“'hn.af'a sh 1.'& e Wwrthm ‘y a s
CRENR LIS I 3 - SDG/C1 pt & 52 ffiﬂ ,SH e
,Ja.n. 1af£ A2 nf B 1m1,h b

a s 1.-
ﬂ.a*ln )1- ‘L“.. 1c<‘ “he gy §5aff a

){ fh 1 cf.ti 11 -f rh fi’»DG/(LL 3] )Q tg "L -
Ia.v}. TR fnff 'Sf11.ﬂ n<ah‘a<1£1~¢ 'f

‘1 a s W "h.m }.an ‘a math L oa
nl

m

B '—'n'-' EM a s fish '3 @*i"h&'g

hl‘-i ha g ;’f ﬁt ton fhtb EMa ﬁ,‘ﬁ tl}"
nan whan'm b Y Y ssa 13' %2 ¢ 1 'h " SE- Q‘h-
thykan? ,;lh g e 13‘” "a waftd naf’h? a1’
L Wofatt EM

oha 1ah“ t).ﬁa "b’h aQ'!-Ia.T
a2 s gfn S fft* antasa y3 ¥ affugtdl EM -

g8 1;' ‘« oy B SR ysanss. e
af ﬁlb LR AR AR 1 l s }g:h b l;}.’h of
B’y a «ng at U 1.h:r.fnf' 54'.1 fhfnffl-a“h‘.
9;1 %‘n &n ﬂthl Ta '5-1]‘33&"1 a sf tth .
ti Lh’ f u £ 1 arh g}-ﬂ s .M 1. gth e
ﬂa attt )1“ ¢ -r-fq I "f“l.'! hm‘a‘ i<
n‘h'.’ 1 beome f1 mymal S’ s
heg Lo s.a & fim ¥4 _ﬂ—'r nsant'sa it g

EM a ‘Slu°1 ‘dhmat .,a] rh{fiﬂ‘ll‘i pﬂn fI!'*"]‘J d “ f '
EM a 5. Bsaft: L ffh‘.g.’-“ i a .‘S ?.1“3.
,*}.a Tsgp’ 44 icc{' e-' ca

b3t v px .
1
‘ka “11a 420 08 Tha Thw3Dntey ' 40 s fhh‘.{h
“"h toamtast atwm P EMa s 4a sy 4
f tV i:* :f&fn" ,'JIW.L '<f=n'1 f CVD'J; h)‘.“ ‘f.fsa<
. ot
1.3. 1 an< t thofT g Sy
sfafsas yaall n ”f x. 3.% ’f n“].aw' ' .yn';' ulg
“afy gt b "Bhan’ <<*sa<*3. L RASCRS f-jh,
- q- 12-L7 ]n"a h"h 1°h Qf mall '55. 1 s -1
Tatth- EMa S { -d "11 s h ‘Jfa<
¥a gy af.lﬂa .G e h'Vaho.

M §y 1,-[.f']-j 3DG/C1 <f‘sa1.a”'h§f b -i;l‘at ]

Pe¥ivAny ”,mvat ~1£1~ 1 ahge R fh.ap“
}){“l‘ T‘.\att1*cc 1‘}& danms gonflh.
fh 'ﬂ a Eflm ff f' 1= "aj;'a s ¢ Lan?

gh“flﬂu 1al 'ha.f N thhg
4. Conclusions

13'1 th

<<’a ffk‘ ass{' w5 u 2

Afwgua L‘.SDG/CU T
qt h f?ﬁ -

hm 2% § in-situl *
]h‘anQH R’)Hw
1
*lfl

‘4 a CVby 1 7.
ref A hte? v s m fh 3.
Mt pt $52 Vg xﬁll'h Wi Th 2" gt
“S”h an 1% ;n P25 TR MRCELE T <f11 ﬂ,'}; 3DG/C,
Ll-'ﬁc ma ha da B Bt n EMISEf.[g.f
a ¥"159g 1pan sm 4t 32313,_11_@5 v
f 47.81 B(882°/0]1 1S A S asa 26.8%n” 148 -n"h ."h “ga
B T O I ] *sDG/cm. nstatd -ty 1\,,31 shog LY
.ff"“ oy fLr 1.;1 s 1&1.511.‘1& ﬁf;y:l.ﬂ” nsh- 2

\ 19 ™ e
'}amw Tu‘S‘n.aJ

1“

m 3052 EMBY Thomals 3106 4
*h < et 3DG/Cl s ff¥sa
a g\ at AS EMIsh - ‘Wah“ hma

s at-gat L'
1 5% T‘fa e
am’mn

Credit authorship contribution statement

Kaka Chen %L7af L Mt 1 L'J s FmaLamlw
i " . Wei Xiong: ‘dhaf n,b sfgat N,  Wytag -

W-Ifw A
£ 1a 1gf" 'Yan Li: V\ﬁfmﬂ e &L fnﬂ,Fg.‘m‘! Q*'n,
o
5T L Chunzé Yan:

RS |1'I’ S, S, 8 §7n Llang Hao: Rgﬂ nﬂa st

Rs ¢ s, Fp wat S Zhaoqmg Li: HL‘a 1. Zhufeng Liu:
F matamL s Yushen Wang P osfeat LR Sf'J a "= Khamis Essa:
Wﬁw &1 t3¢ . LiLee: BE’L t. he XmGong Sffay-

Ton Peijs: V\ﬁ'-fmg yee & “n" Si)'&
1T Tl

1- -



Declaration of Competing Interest

LT:av'h f‘ 2h yJpa t oy S A R R L A
2ot
LRG3
Acknowledgement

]‘-;f g f“ a’la L‘l? fian’ aL {fﬁh .
Nt Nf ,g 83 .Fplafn G N . g}671091 N .
51902295, N 51673496). F - -‘J. ak L»E s pit b
Fplam n& Rsa.th Epls S Cutgl W ,cfs G 1a
U gt GLswt s (W{nn)(N (N . CUG170677R4" H, "«

B e vag S- 1"F‘3ﬂaf h!’ghf (N . 2019 CFB264).
Appendix A. Supplementary data

,}m by Tak t fhsa {f%‘.’ah o
/10101642 m psf @ '.2020.105904.
- l

atphtt s:
nL@I a'h i'//

References
1BRGNm.Nthm. K, Mn“jan S.Ge @t ﬁfmfl
fhn stsapt s e h -.,mv Py: M'qS 20189124f

28 fm¢<hsh w, gz | .gan D, M F ta
'bg.a"n' St psaghe '.:g 1‘-]}{1. 1‘" 20088()9027 o
3Ly Jrane an M‘P-,a H BT o 8nke- ' G LaVl.h st -
f fﬁh (7R BB eh iy Ma state £ ptan kg’ sl
'J

Kb qan ‘w )da ACSA Mf,w,f 320168(36)24112 22,

4 Ke M,y Jthﬁ.,mJ i JH Gy 3 wasdihycdm B otal
‘a gt F hsws gp oy xR oA Lty n“s. AC Nx. 2017;11(8):7950-7.

5 Bn G M H MGy M/l Ln'JDP-[ T-lﬁtﬂ. N U

e I 7af1u1‘r +* *l--,--n. BS- ‘nﬁaﬁzg hha.,,-;..
&651 Bzozd262 118266-76.

6 Iﬂ XJ, =W, ® % LL, &1¢ SH, W2 GI]-m.'JL 2 Lk Lb‘cctafl".
modlm sl 'hhvh‘ Uy g ff;f.Cm fﬁ{A

%17101508 B '

7 at, HQ,L+ sw € LH k@ SHH  HQ.S y}rhar nopn st ot
m At T hoh g man rhrf..-r-a *SJM'*@&A '
0186(42) 21216 24,

8 Bn- TMS'h')PD'&]‘fPK KahagMAl<1;.T.al'fD!g-
2ty T th s oan dl. | L-f-[ an . s
1L ‘hm At L . ns fle{ Pah“d P1 Aaos 20171(4)467 0.

9 Qn L L, L TP--‘E' B &7 h_'&n ™ S.fm. »_".-
2t tassm Tyt L"'tn ansg .ﬁln‘ i ah s at .
BSCA 2014 4(72) 38273 80.

10 D X,Hgre L SPfimw ana{{ 'hf Laaltre e ~j‘.—

op L’ s . -
“fymagn Loaa 1&1. »

1o B
fgh’h‘ i ENh -
. g /10. 10%2

M'S,” b st Brgal nawd s
£ man’ - Bh‘ s Ry A 2016;90:424-32.
11 L XL, 1 XW,S17 €O, Hn MK X, HL Dgn W, tal s-!ra«n |-
¢ g e ib xmnscmh,sstm b
§ g o man’ - A Fplt M7y 201851 i/}
201 0393)
12 1a J,Pwe ), %@ CRgn G ant, N'%n D, f.aL.Gg % @n oy
b sttt $ 00 m pian T Vhen a"‘,-fls.ACSNr.'

nant

2013;7(7):6001

13 & S Aaua(iSG.-n g AL 1ust '-@}ﬁmsm@"’;ﬁ
mat-ga A-'z « G Bt B 2017;56:15520-38. '

14 1 tm - ,S%a ag K,Ksh;. M, Tlakash T, Anfal< K,-t.al.},l-.-..
inj BS- Ml FI _C$. 2t ll‘é~ viag i) .acfl -’_f,[h.l 1 A_A: o
a ) af‘w CCP 2018;20( 6024’13 '

15 5g g, N, MW CWsdw? N EV-ahy J B3 alh 1 7yt |

*v 2t “hm S? 2002; 149’(8) :370-7.

16 st, MS:WHLGHQ].'JXanQ .aL £ 3D
vg;p.r" 11.cf1 N ,a} %fo.c ﬁa ?17(22)31638

17 KC}aniH GH , s HnJ 54 Ccp,; M.lﬁ; 1t L.fI—
mazn - j'mf “she 1@ hyidm B mal cfafhg s@n gy §
7 huloNt ,20191C4)1077 87. ‘ '

,c@aY. €y nman f
14 L ah?h - man
2017; 29(31) 170 3 90.
H!}aw D, W

18 Sug Q, FnXﬂ_WLHL
“‘.?-h- h \fam

Ztymazn 17 -
t- Y h

“Sh- ‘h"
19 X”Xi}p CXUL'ih

Fyedn ws ‘lﬂu f1oF
wogam  htosgn lstyt ﬂa ,1; an' B 3 lﬁT

IRVRE f
a :ka'-;hs. CSBin 20194 £:/7 - ¢ /1‘010214 shan .9 08191.

20 Gn'CH B XN G g2 S L ot nfi 1§ TOA4VaAZ 2
s att At angVohs ga 4 sand "3f LY ;o .n" h
r oa@vdoan ‘J:.Mf,m 209 75107824 33 o

17 antm 2y -

21 §1st B5ED. R T ns e R
i anl SIM.Sy Cat
al

sty tg-p S16Lsh 1.13“* wﬁ -J g lsan
T%hn t 2016;307:407-17. E

(2 g e g

22 R’n Dclm.a HB, L
£ e R @ # T -Na
2020; :771:138586-95.

23 L X Q- W, A J m

f BT

J,L SJ,Jn W,an R,fa
a {'a"“ caL

L Nh J,aw¢ D, it L hg @y whss choh - QL{
-.2009;324(5932):1312-4. '

L~Mt“’11 grant O
R R4 ) fm'! Mf S _he Ag
l

24 %17? R WC, G LB, LFBL}I? SF, qngi HM. Byidm ws-naMfle Vo
ant 4 oat ot 1~',’ iz grat 4527 v ‘hiwala bﬂ“".-
stop . Mt 'MTy 2011;10:424-8. '
25 d1m' SD, B“a}.hs S,G ssus L K /b JPH@. < JV, W ast K
| 1% R RAS stgy ¥ Ly wlot e W N
4 ayy. J Mg B ss Thn t 20%9270}7 Séi ¥
26 X1 WH LI fm Dc1 Q,F'ngl Efft d“f ic.ﬁ l'w
Tle - 1 t. q -
g Ly nmoy 1 Te! ws-fla hahm.}ﬂha N
tg sU af f§ ,au‘ ML* D 201%;170:107697-708. ' L
27 G, @fWWQIa'hKP RhQ.,a”flnanda at?
n ok N RS ma A%, g0 wsan'n “.}ﬂhsﬂ it Mty R

2013;57(3):1 3 64.

28 L ‘an- E, Ts’h- SC‘s.hn LFI'ga
v,_ss 1 -f_*d I Ctl

Vs STl UMty p{“ss J.m

% L SWJ th Pch
w& JR’l<sann 17 4 s ‘

P"'ss 2018124685 98

R P PN
2015;87:797-806. '
31 L‘.@'! CLA, My §s- S, T v .M, A RC, Wih * PJ, L--PD B oL
2 *afhh“"fj af~nnL° ”'f 'JA'&M&‘
- pe B ‘4a ’ﬂ'ﬂ‘ &’ 11\. . 4
019;166:294-305.

A. Eff2t s‘l”f s fo.a (SLM)

Zan- ai % },, s ¢ 316la <w~
201724 :955-63.

ﬁ 2ant 11 2tamal s 1

n‘l fT6 4VA)il}<AM',S

2

el

30 ,S17 C.h sfgaf

At satty o411
5316L<5 »;.lsshr : )

» 1+4.Mf4 Ds

32 In X,Kl« ,Th WQ,%n J,D¥ 1.< M, Mn? Lm ‘<D, * L R H.?n.a,-
r)u»r% cmat nan' a/Bate = Sn o ;,an. P Y I'-g.é thyee
T B 2t 'T-6M-4V. S R 2016626039 48, '

33 Kil« Hn)?LhNHT SBG’J% -

KG.& p sty oge
an'm ‘1SS g8 Jt P AP Y 1“" #614—4‘/1{9 VtéLL
Bs Bt 2016;11(3):183~ o1.

34 HﬁHKKI']w]. VGn'J H, % 4y TL, 9 [}<4 B MIQ' Jtasanim
yatd L"f Fl tfn'lah*
2013; 22(12) 3872 83

Zhan b
f b 3
. -11! £
m ‘Lf»r} JM“ 4 ¥ Bl

35 Tnﬁ{Kl- , A st , Py Qxlhh"
Cnst s Thpt w2
- 4; 1 T _eA_av. J,ﬂ cm 201%:646:30329.
36 Bﬂ.l-DAMU-, LE, M 1 ,mn'? ‘f.al.N -
athf‘-f -d ;1. 17

ifsi‘}ﬁ;";‘tfﬁ;.g%
q

.aL L- 43 lﬁLah'
A

-11!

Hah{l lfn’ R4
37t Iw Xanvl W, H. Eff2t 7y
syl l.fﬂ C,-24N-075a
2018}43 58-61.

38 K S W aﬂmﬁly .Sent Bfp 2003;

39 LG , G sF Jhe R, Gs1g oy N’ P. Eqa alzg g -n C (111 Mn
LA 201010(9)35126 o b

40 L XS,6- WW,Cln R, R = S.E V0 7g g3 7y o N
ant €, "ay nst 11 L o Lt 20099(12) 26{1 =72

41 Jrawg xw,x, cJ" IQWIH 2 SQfrarwe J L. A<ai - Ln. yf1e-
mth‘ Qh“fﬁ‘]’l”"ﬁ hl-hra'l §1°1?'S€111
2020; 161 479 85.

42 Fagy AG M=y JG, Safa’ hCIa,77.,MMU1F_aLBE,ap

s ouf g Ban'e Q ”b 15 L" 2006;97(18):187401-4.
43 In ?lh “ib dge SH En PCH HQVJL e
‘ay i day b VA& annan fi rhh"hn. 1 "L sant J_rr“ ptr

Mty L4 2017;200:97-100. ‘
44 [}a Hlkwe J, G J,B&g ¥ ~,a' nan? Jx".’m.a"n R L N
<[l§"‘h'3 ggf Ban’.p gm? fam pa G Na AT 1" "!-3 CNFE .

M 2064311-351 -6.
45 RJ--KMna DP. Mpam L S, 8 K E’ Bt ELMlchbmv
Nf man fant '}\‘ma s &‘ %n. ,' s P’h' Thin gl

Ay nims <*-
46 1BL ?a w[hww ™
Thast liatishoves -ma’n 4
A;}Mf s i@ s 2016;8(12):8050-7.
Hge D F H.XIn X, @ 1an 66;97141;161:479
43

? tA20181247 84 N
'.'g % d

ams b
PR .(Eﬁﬂ)cb if‘ . ACS

o

47



https://doi.org/10.1016/j.compositesa.2020.105904
https://doi.org/10.1016/j.compositesa.2020.105904
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0005
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0005
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0010
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0010
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0015
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0015
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0015
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0020
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0020
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0025
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0025
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0025
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0030
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0030
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0030
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0035
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0035
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0035
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0040
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0040
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0040
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0045
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0045
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0045
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0050
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0050
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0050
https://doi.org/10.1002/adfm.201803938
https://doi.org/10.1002/adfm.201803938
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0060
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0060
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0060
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0065
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0065
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0070
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0070
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0070
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0075
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0075
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0080
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0080
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0085
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0085
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0085
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0090
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0090
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0090
https://doi.org/10.1021/acsnano.9b08191
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0100
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0100
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0100
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0105
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0105
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0105
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0110
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0110
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0110
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0115
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0115
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0120
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0120
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0120
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0125
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0125
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0125
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0130
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0130
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0130
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0135
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0135
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0135
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0140
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0140
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0140
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0145
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0145
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0145
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0150
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0150
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0150
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0155
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0155
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0155
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0160
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0160
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0160
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0165
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0165
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0165
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0170
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0170
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0170
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0175
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0175
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0175
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0180
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0180
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0180
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0185
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0185
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0185
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0190
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0195
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0195
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0200
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0200
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0205
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0205
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0205
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0210
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0210
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0215
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0215
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0215
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0220
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0220
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0220
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0225
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0225
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0225
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0230
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0230
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0230
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0235
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0235
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0235
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0240
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0240
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0240
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0245
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0245
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0250
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0250
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0250
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0255
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0255
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0255
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0260
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0260
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0260

K. Cheng, et al.

53

54 Gw HW:.SJ Jma- J!}aw xch.J
1an T‘tﬂan‘ "1 n rw_ﬂ-i

M -4 2019;34(5):489-98.

)BG M, L, MR“‘{"'—Y

“fymarn L’ at: XS
2014;26:3484-9."

hoh qha-lr‘“ fanlom »
2019;121:13948. ' '

§ e ‘slvh' 2h'an‘ beh - - B’

1‘

55 Wi Llmw Jlma Q B oS f MWCNF n thwm

ma?n L’
2015;26(3

¥ s —MWCN'F ) <r‘S, JNM Ty
ff *1
s »

She ‘wa' La'*"‘& )@ s A TNy

{ Snog L L g PO
lv v ‘Jasd &5'8 ':h
£Ama"n "<h t-’J e » Ry

-J; gf_r{

h

56 Dnz X ,P}Z RHﬁn P, un? F, Ma? Bl]- 2 ML. Efff - u* L.rlma”h 2’

afh She ¥ g fvh"
Gm 20122218772

h‘ﬂg B ./) IS

57 Jrawe HBan Qfhw WG HLIX, JI T gh7g

58

20113918 24,
] AU
alp 1:@ i pamshy ¢
Mn ﬂa‘f R. 2016};" /A

A Sy L-rﬁhﬁ"h L 'htqrfh q]’:::"!l? ACSA)iQTQﬂT

& N,T?Lg ‘n' V.]a*galan*m “an ’a‘m

PANL IR er » .
g /10. 1051m et f 201

< J. My

E

B hi‘?z h'h‘.

b

11

1

IR

Composites Part A 135 (2020) 105904

59 P"SMTJHIl ffRss- Lba
hritas ;1 ant
2012;12: 2959 64.

60 J K,!]-a HHywe [, B 1  man’
fougti rh"il pwasa §p- k‘a'!a@d
2017;122:244-7. '

61 B HLLSB S My TW, L5DS, Li { fal s sl gy

)}Q“Q bt If ,I'S t]'i1 A and h'hh&r"“$ h )q'
f man’ =S Ra )20151-3’ i/ﬂ : g/lo 1038141 3710.
62 wXThSGL,GI, QL GR@nKPLaIthlnthg;‘L
Lamazn LY 1ty e’ hvlﬂ mﬂan‘ hpat’ s ,. ' -
‘moasts Yty e 3D Jignan ls/hnau ana. 17g br
a ”)‘Lf; - Mr 5. Bz A); 2t 2020.p1" T OZa - ¢ /1010164
kY 2019105670

63 B 1- DA, Mg? LE, M '3 .tE Hgan' € DH, M 2 £ JL, M’ B .TL.

N ’-_ 1qr11t ath' tﬂ- '-';. 1 ‘hr}lf 1ﬁr{1~ £

‘) gn'b“ Tattt man @t ae §1e k-ln anm Yo . AL
M 'y 2011;59(10):4088-99.'

64 Hys SE, L KC S¥a VK, M -.IC. B -an 2k lf stz e JTS
Fa ¥ 197331 (1):10-38.

1 fans )1 h’hl-.ln. SR Lfm aq-
’ ']111" <N 'Lt

u £ am fC Nau -
;. ma'fhffh'.yf S My LA


http://refhub.elsevier.com/S1359-835X(20)30142-1/h0260
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0265
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0265
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0265
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0270
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0270
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0270
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0270
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0275
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0275
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0275
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0280
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0280
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0280
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0285
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0285
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0285
https://doi.org/10.1051/mfreview/2016021
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0295
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0295
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0295
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0300
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0300
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0300
https://doi.org/10.1038/srep12710
https://doi.org/10.1016/j.compositesa.2019.105670
https://doi.org/10.1016/j.compositesa.2019.105670
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0315
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0315
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0315
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0315
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0320
http://refhub.elsevier.com/S1359-835X(20)30142-1/h0320

	In-situ deposition of three-dimensional graphene on selective laser melted copper scaffolds for high performance applications
	Introduction
	Experimental
	Materials
	Preparation of Cu components via SLM
	Synthesis of 3DG/Cu porous scaffold via CVD
	Characterization techniques

	Results and discussion
	Formation of SLM copper
	SLM manufacturing of copper under different line energy densities
	Formation of anisotropic microstructure under different volumetric energy density

	Effect of anisotropic microstructure on properties of SLM copper
	Effect of anisotropic microstructure on Vickers microhardness
	Effect of anisotropic microstructure on electrical and thermal conductivities

	Morphology and structure of CVD 3DG/Cu porous scaffolds
	Thermal property and EMI shielding effectiveness of 3DG/Cu porous scaffolds

	Conclusions
	Credit authorship contribution statement
	Declaration of Competing Interest
	Acknowledgement
	Supplementary data
	References




