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e Huimin Li £[6]2 ZA-FAMEjoA printing ¥ continuous carbon fiber
reinforced PLA composite?] Z|AA ds& =str] ol w8 AFES
sapstact. Bl 3D prininge WS 71w A}
13.93%0|A 4.18%=2 7ZrAsty, 43 74zt &3 Aas 7Hzh 2451%, 8.35%
z7lare alstact.

e Altug S[7]2 3D printing ¥ Continuous fiber-reinforced thermoplastic
composites (CFRTP)9] 7IAA desS B7Ist7] fsil M= o&  fiber
fractiong Zt= A|HE AASIAT Fiber fractiono] 22%0|4 40%= S7Fd
o A% Zeet 33 e 727 60.61%, 21.74% 57}t

e Rashid £[8]2 3D printed short carbon fiber-reinforced composite®] infill
g R B OE Y F=E BUietdd. I A" 23 hexagonal
patterng Zt= AlHOl &Y densityS Zle OE patternof Bls| &3 oy

=2 7IAA 42 FUdstAt

FEot RGN FEES FE5H7] HsiAE sl dist U+d=s 7HA1AL
lojof oich. timAQl 3D mE S]ARRI Markforged AtofA= AlHHo] 7 &0
LEHe 4E Uulstd 1A ER9Y 27 AFE UYAE & Jde wall layerg &
S ol xet AAs WAl ojmf wall layer®] - carbon fibere} #2
AHAR7E ofd E2AE AXE ARESH] died AR ds S 7IHE &
At =, wall layer2 7= A|mMo] A9 wall layer® ZL3Fslx] 952 A|mo] u|af

FVF(Fiber Volume Fraction)o] ZtAstth FVF9 Zras HAS7F XHX|sh= H]|&°
17

dAE Qujstth. mtA wall layere= 2 EY 7IAA Hes TAA7]7] W9
wall layerg 23St L2 F AR FGA|A0]X] 23t AAl2 THd o ot sHXA| g
wall layer= Markforged Apolx] Agsh vjel o] A4 gyt 22 e g3k

T E
3t GFe 2AAZL & 9donz Mo Wed TxBolth A4 3
2erlE AEe] JAM 45 Wel % A4 §482 A 9

AP7t 2y oAk,

e Wei £[10]2 GFRP(Glass Fiber Reinforced Plastic)?t BFRP(Basalt Fiber
Reinforced Plastic)E 6 wt.% AZ9] Q3 Yo wEA]|7] 0, 10, 20,

_?_
a2 A F a2 o

30, 60. 90Au}ct £AE At B4 J
0URE 2YFL HAtHOD, G BH wEHX G ABT GG
T 308 §9t ¥4 o] wEY GFRPY BFRP AlMO] Q% Jwi 72t of
20%. 23% FATS ARG ol G4 Fho) 3] A Aoz Q)
STt

e Libo £[11]& flax fabric/epoxy composites A|HE d4H 2750 1dZL
LE3AZ 3 /Y B D ASS FAstAL. AF P D AR 27
28.3%, 27.1% ZrAst¥on, = A U A= 22 18.3%, 23.5%
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Al 27 sigEEolAe 3D ZIHE
7

2qxlz Al
wall layero]] T2 7|AA 7=

37}
2.1 A8 AW Az

2.1.1 3D = E B8 AlH A& @A

3D mHEQ] "WtAlo 2= FDM(Fused Deposition Modelling), DLP(Digital Light
Processing), SLS(Selective Laser Sintering), SLA(Stereo Lithography
Apparatus) 5 Ot Aol Qlty. 1% FDM w@Al2 Figure 2.11F Zo]
continuous filamentE ©0]&3sto] AEES AZst= Hilojth.  Continuous
filamentZl 71¥9% nozzle2 S0°{7} gFAF] AMEj2 Print bedo] A==t} Print
bed: filamento] G743t W7re ®x|6}7] 95t0] nozzled}t ORRIA|Z AR w 2
7tE% o] Ut} Filament] AF2 sl print bedv= 7% W=z FAolH,
nozzled ZY o] w2} XY WHHoA FAoH fLxFZ AANStY:. FDM
WAZ ARESte] 3D print HS¥ME fLREs AAste 49 ARY d&540]
EAsto] thE 3D print Ao H|s| 29t VAR desS At diadQl
Haxo 3D mYE EIR|E AAAA|Q Markforged APoA= carbon, glass,
HSHT glass, kevlar 52 &8st 4449 3D nHE ESH|g Lx=S A&t}
2 ALAE= AlE AAS sl carbon fiber filament?} onyx filamentZ
o] &8skt AlH A& AREHE carbon fiber filament®} onyx filamente] =7

HE X Table 2.10] QoFg]o] QJrH15].

HJIO ruk*,t

Nozzle —

Filament ——

Print bed

Figure 2.1 Schematic of FDM 3D print method
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Table 2.1 Material properties [15]

Property Carbon fiber Onyx
Tensile modulus
60 2.4
(GPa)
Tensile strength
800 40
(MPa)
Tensile strain
1.5 25
(%)
Test
D3039 D638
(ASTM standard)

2.1.2 A1 X3 L A=

S8R = Al¥2 ASTM D3039 standard[16]0] wet A|AFsERon AJHe] F4 H
Al FHE Figure 2.20] ®7|5tty. FDM ©Al9] 3D ZE|E o] &5t AlHZ
A= 3% AlHY free edgeoll &H Uhtat 5ol vlE2 9ol wall layer?t
Aoz AAED. olg] 3D AlHOY ZY® Al WASH:= wall layer?] F-8/dut
AR A AolE =elsty] s wall layer’t EXfst= Al#(Type 1)t
755 &l wall layers A|ARH A|H(Type 2) & S/F=2 AIHS 2519 9704
AAstTt. Type 13k Type 2 AlE9] AA Zol(L)= 250mm, (W) 15mmo]u,
FA(T)= 2mm, §2] ZO|(Lwp)= 56mmzE A|AFSHGITE. Table 2.20] ¥.o]= vje}
Zo] 3D mHE EfAm A|HO nY Y2 dt5 W U 0= YFes,
= 16507 AZEsHYL}. Type 1 AlHo| AAME wall layer= 17] £9& free
edgeo]| 0.4mm# AAE|QITE. Type 2 A|HO 75 & HZ 15.8mm OJfo=
D85t S free edgeo] AXr= wall layer®] Z9°1 0.4mm YFEA-S water-jet
$7152 &oll Figure 2.33} o] AAsiolch. &A=l AlHS] ©@HE Figure 2.49F
2ot odHES 2015198 w, carbon fiber filament?} A}A|st= 8]&(FVF)o]
o o4 2 At Type 19] 4% °F 47%°] FVF2 7HAIH type 29 4% 50%°]

NP

L— e

Figure 2.2 Dimension of 3D printed specimen
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Table 2.2 Laminate information of 3D printed specimen

L. Total layer
. Printing | Total layer .
Type Material . . thickness
direction NO.
(mm)
Onyx [+45°], 4 0.5
Type 1 Carbon fiber [0°]s 8 1.0
(With wall layer) Onyx [+£45°], 4 05
@)
e - 16 2.0
(Wall layer)
Onyx [+£45°], 4 0.5
Type 2
P Carbon fiber 07 8 1.0
(Without wall layer)
Onyx [+45°], 4 0.5

3

X

— : Onyx filament =mmmm : Carbon fiber filament == == : Water-jet cutting line

Figure 2.3 Image of Markforged S/W Eiger: (a) Type 1, (b) Type 2

( )O'Tﬁilm 14.2 mm O.AFIEm (b) i: 15 mm ,

IO.S mm

z 1.0 mm
L y :I_O.S mm
|:| : Onyx filament - : Carbon fiber filament

Figure 2.4 Specimen cross-section: (a) Type 1, (b) Type 2
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Table 2.3 Summary of water absorption critical period [10, 18-24]

Concentration of Conditioned . Critical period
. i Material Ref.
solution temperature (°C) (Days)
GF/pCBT
Water 25, 60 /PCB 25 18]
composite
Seawater 60 GFRP composite 10 [19]
Artificial seawater BFRP, GFRP
25 i 30 [10]
(6 wt.% salt) composite
Vinylester-based
3.5% NaCl 35 ] 12.5 [20]
composite
CF/PEEK
1, 10 ) 25 [21]
composite
Flax-Basalt FRP
35 4 25 [22]
o composite
5% NaCl Flax-Basalt FRP
35 . 25 [23]
composite
CF/Vinylester
35 . 17 [24]
composite

2.2.2 N@ A}

4 dFo =& 5% 3D ZHE Efs A|H AL 452 ASTM D570
standard[25]0] w2t AbstRcE 4 S425(WR)S o2 A((2.1)2  Fol
AArE] ATt

W, — W
M%) = ———x100 A1(2.1)

o714 W t 7IF &< 4 &40 =& AEY 70, e 94 &30
EEEA] 2 Al fAolt

A(2.1)0] Wet 0U(dry) AL 1FOR 158 d4 =F AW 30U G4 w3
AHo] A% F48S At Table 2.40] 25t olF B3 A4 874 =3
1k mpe 7h AlEe] B @4 §48% FAT 4 Atk @4 B w39
59U typed] AlEo] ORI @4 §42L HASAL W, F4 P w39
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T9o] Fa7F AFW7] OZolf(10-11]. F4 k=& 7|gto] AoALE EAPL
MEsty] WAIARl IR At B ALvt AEsHA ©oi10-11, 22, 26].
SHAISE A5 S48 A2 =& 7|gto] AojALE ZaPJH o MR BEE Fa
582 97 YA £Po Hof @ §482 o ol F7tetA Al Et
Table 2.4 Result of salt-water absorption rate
Exposure Weight (g) Weight | Salt-water
Type period variation | absorption
(days) Before | After (8) rate (%)
0 8.87 8.87 0 0
Type 1
. 15 8.88 9.10 0.22 2.52
(With wall layer)
30 8.89 9.15 0.25 2.85
0 9.00 9.00 0 0
Type 2
) 15 9.00 9.23 0.23 2.56
(Without wall layer)
30 9.04 9.33 0.29 3.17

e S *‘\-.—v"h-"!’#vmﬁd‘ e ‘ =
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Void Crack T

(c) (d) Extended Crack

LX 1 mm

Figure 2.6 Microscopic image of specimen’s side:
(a) Type 1 and (b) Type 2 before salt-fog test,
(c) Type 1 and (d) Type 2 after 30 days salt-fog test
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= E AY 2 Qo 15 7|7 &9 F4ol kE2H AHES H|WsIY S
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SEAISE 30€9] 717t &9t E4ol 5% AlHQ 7%, Type 13} type 29
&2 2.85%, 3.17%= °F 0.3%2] xfo]7} UAYSIQICE. o] Afol= 16Y E4
L AL 58 Aol vlwstYlS o 88 =2 Afojojtt. Type 1 AlH<]
wall layer & Apo]l= @7F AFSIA|TE, wall layer?l Al O =0l FI7PAQI 4
AFE WAstL 7] 2o type 1 AlHO A4 5489 F7l= vluwA At
olof] ¥tsto] AlH UR=29 AL AFS WAL 4 Sl wall layer?] X2 type
29] 3% 275 Al BT 5 Atole] #Eu void2 F47F O Eds] AR
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Figure 2.7 Comparison of salt-water absorption rate
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2.3 O1&} A|H

23.1 Q% AF FR L £

G4 0] =29 A%NS 3D ZUE BUNE AW A% F=g Bl
s ASTM D3039 standard[16]o] ezt QA& A|HS $5istdch. AR Algde

Figure 2.81+ ZFo] DAEKYUNG TECH AFe] UTM(Universal Testing Machine)Ql
DTU-900MH 7#AH|S AF8sto] 488519 on, A8|9] Load cell capacity=
3kNolth. Q1 £ 2mm/minC2 $SIROH, Al@e AHO| mhgro] WA

Wrbr] Sestch AR AHBE AHS @4 HE ABLS Fol 4% A
wEE AH(I5Y, 300 =EHx e AWOL)S AgstAon, A% A@e
gleh AAAO) LR 2426 CE SASACE AR APL d4 B wF 7120
ofeb & 37bA IB(0Y, 159, 30Q) 02 Lol 2 34K Masteict

g
o
€
1)
S
45
=
2
=
=

Figure 2.8 Test‘ machine: Universal Testing Machine
2.3.2 A|l¥ A}

Figure 2.9-2.102 AJHo] 4 THo k&Y
woltt Figure 2.9& 7 type9] A|Ho] Az r}
mjo] Q& H=S HolZErh Figure 2.90]A] &
E7EA]

a ROl 7 type AH 2
A A
dojde =

dA g EUT AFS JHAIm AHO Ao A FmojA mo]
Astdct. T3k Axo] wFEA] R A ° AR Zwrt by
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Ao o € 7P B¢ &% AlHo] wall layer?]
= "Ylug 4 ot Figure 2.10 (a)5 & 5 &4l
EEEA] R AlHEO] A AME RIS w, type 13 type 2 A[HEO Y
de= 7F 447.48MPa, 530.77MPacoltt. Figure 2.10 (b)) Edf <4
15949l 7|7t ot wEE AEE =RlslE o, type 19 A
444.01MPao|t, type 2 A|H9| A% =+ 485.29MPaoltt. d4 ¢
A2 AlHEI 159 ¢ F o] & AlHY H9, type 2 A]HO] Q
type 19] % Fw=ol 7 119%, 109%9] 1 d=eg “Moe ASs ¢ & Aok
ol= %= type Ato]9] A= ©}2 FVF(Fiber Volume Fraction)© 2 9olst ZAHut=z
I & At FVFo] =2 J¢ st5= A®¥E 4 Ae d77F AX|sh= v]&0|

uod

=0 22 ujeitt. @b FVFol &2 Ze I Jr7l 9 2 U2 At &
A7l QA Al Zt type AJHOJA 489l carbon fiber filament’} A}X|5h=
v &S RIS ., type 1 A|HOl HQ oﬁt 47%0]0], type 2 A|Ho] AL 50%g
Mz tt2ch 2%7] g2o] FVEZF ©f =2 type 2 A|HO| QA Zwrt ¢ =rh=
& &elstict. BHA, Figure 2.10 (0% %OH 309 7I7F & E4 A0 =&d
AEe =Holgle o, type 19 79 408.34MPaol QA 7 &S JHX|1L type 2
AlHo] 79 386.33MPa] QA -2 JiA]= 71 &olstgict 0Uut 15289 A4

A Avers th2A 308 S9 Gaol =EHL ), type 2 AW A% Fwst
type 19] Q1% Z=urt 946%9] A% F=E JPICh 5. o3 type 2 AlWe
Zart o

-
A% @4 879 ggo= A% AH 5

_‘|2_



_—
=4]
N
e th =)
= = =
(= (= =

Tensile stress (MPa)
(F¥]
=
(=]

Tensile stress (MPa)
(F¥]
=
(=]

—Type 1-0 Days
— -Type 1-15 Days
— - Type 1-30 Days

0 0.0025 0.005 0.0075 0.01 0.0125 0.015
Strain (-)

—Type 2-0 Days
— -Type 2-15 Days
— - Type 2-30 Days

0 0.0025 0.005 0.0075 0.01 0.0125 0.015
Strain (-)
Figure 2.9 Comparison of stress-strain curve by exposure time
(a) Type 1, (b) Type 2
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Figure 2.10 Comparison of stress-strain curve by type

(a) 0 Days, (b) 15 Days, (c) 30 Days
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Figure 2.112 @5 &40 &2 7P & =59 A 7AA 5 Hets
LERdCH 156¢, 309 & ¥4 0 k&9 AlH F wall layer?] {79
Aol ZIAA Adsol AstEle Ae & 4 Atk 55]. wall layer?t gl type 2

= AZ 9 , ]
1564 &t d4 o =55 F AJHE A = e AtolE EeIslE o, 156Y
S Ao ol wE:H AJHY A T Y Aot A2 A d 4 A 30Y
U 5 ol =EH & AHe FRole 1599 A AlF Auebs o2
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Figure 2.11 Comparison of tensile properties change rate
(a) Strength, (b) Modulus
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Figure 2.12 Relationship between salt-water absorption rate and tensile strength

A HHS SgAE Al o3 Zo] et d¥ES nlA & H10-11, 22,
26-27]. HEA0] 7past Rt tlEH A0 SIHA/FelA e ot WA Y
Hoal Wil AH O _._x} dE2 QIsh Void ¢

) JEiE EANSIH ol & #AHH.0)%F
g7 BSAE Algol A&Este] mlE"A, Afel Af/uilEdA AW
AT 22, 26]. &, @5 o =EH AHY P F7t Figure 2.6 (a),
(b)ofl Hol= Zut o] AJHEO] A& L o off WAE voide} cracke
AESHA "oy o|xMd AlHo] A& d4e AHEY JIAA 540 AP %
TAA[26-27] =& 7]3t0] =) Algel  22|A/gretA et =
AIAIZITH10, 26]. E=3F AESH A AlHe] Yo FAlsto] YlRoAe] SHE
PAAAIZIT10]. WOl EAsHA d S22 »Fo]l AFESH void ¥ crackZ
Figure 2.6 (c), (d)oflA] Hol= A} Zo] &FAIA AHAfet tfleldA Aol AT
FEE AsHAZIH[11], o]+ Hf/ulE A¥e] debonding §/44-Z UAAIZICE
Figure 2.130]A] Ho]= HI} Zo] AlHo=z L7t AEFESIY void ¥ cracks
I AE AT 4 Ao olFEA &d" void ¥ crack2 F4Tt
F7Ror AEY 2 Qv HE Uit olo] e} d4 &F kEF 7|110]
s7rdel ot 9 S SOl g Eet void R cracke] A7|7F
S AR, EHA AR/uEZA Ato]o] HAN =7t AsteAl ©ot. FAT
d=7t Astdog  AlHO  delaminationo] WAISHA Eo] QI = A5hrt
dAgsttt. Type 1 AlHQl A& AlH sideE Fdl WR=Z F7F AEshe A

o[
N
)
ol
o
=2
5 B
)
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z A ] a4 A I £
A Zo] IR YUt} v type 2 A|HO] 73 wall layer?] YAz J49] A&7
A dgsitt, mebq QY 4 A Zo] HluA 2 Ag 21T 4 dn. o]E
&oll wall layer?] {70 et ZefAl= A5 5432 AlEY 7IAA 4 A5t
- IT= 7IAle A= ¢ 4+ UG

Salt-water

Figure 2.13 Schematic of expansion of crack and void

Crack

Ao G0l Al UlXle FF2 FQlsy] Hsi 3D mE EFPME AHY
nd P2 BASHIT. A4 &40 =59 Al A o JHY #Ebt
dbAst 2 Qltk. Table 2.6& ASTM D3039 standard[16]9|A +A&sH EAi&E
Al I Al Al BT 4 Qe ot e dA9 oot A T
Fe2 MY AR o]FojH ok A SAs mE fIF2 Yuiste F RA
24k o HYS Uity oA Rt SAE o YRS 9Julshed| o & AlHY
od /Fd A SAPE 7HE Fash FAtelth. A SR Al#Ho] ojhst {39
24e 7L JEAE UEWEE ole VAR Aded el <t WA
L(Lateral) m {2 1 sheol A&Tol Tt durt A stes 29
AIRYSHA] Zstal FojA|n] BAYTTH28]. A(Angled) mhd |2 AlHO I 5150l
ZFiRe o AT =l o5 2 =5 7Y mhdo] BAsks £ oltH29]. D(edge
Delamination) mh& {2 A sh5o sl @AY cracko] HAH - Ato] ¢
AHS fEsHAl ==l ol He] Afol 9Jsf debondingo] dolut E mHoz

ojojX|&= T /YPO|TH30-32]. G(Grip/tab) T {F9] HAE AlER ®HZ
watsl] s Alest AAAYE A4 §1ES WEA RSt sliprl 2 Aol
WrAlsH= 9 &oltH16]. X(eXplosive) m &2 MG, matrix, A-5/matrix
AHel debonding /gt ARFel umdo] WAAC=z dojun] WAYSH= o
gaolcH28].
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Table 2.6 Tensile test failure code [16]

First character Second character Third character

Failure type Code Failure area Code | Failure location | Code
Angled A Inside grip/tab [ Bottom B

edge )

Delamination D At grip/tab A Top T
Grip/tab G Gage G Left L
Lateral L Multiple areas M Right R

Multi-mode M Various \Y Middle M

long. Splitting S Unknown U Various \Y
eXplosive X Unknown U

Other @)

Figure 2.145 @4 B2 A1¥ & A% A2 233 Alwe] Z} ARl A%
ARS 23 Awe] As Ajsto] mpd YL shelols TS Fof AlHo
F47F oAl TS 2AE & A A type 1 AR A& d FF =&
712Fap AEQlo] £ m RYdol L, AdS & 4 ok oY o2 ofA Aget
23k 2ol A shgol Abgel mRk 487t A sHeg RFetal Lot Holx|n
WAYstAY % sl Jteld W AT $2o] ofsf 22 sx|u] mjtio] wWhishe
w+goltt. Type 1 A|[HO F& A4 &G =& 7|{to] t=2A|T, g o 3=
Me ST 4 9tk olF Figure 2.113 37 el wd 159, 30% 59
A% e7o] wEE type 1 AlWY] A ZE: A #0] wEEX Qe AW
A% ZEo] 99.2%(0.8% ). 91.3%(8.7% )2 S 7Hch &Y AW H=
Tas9 4% type 2 A|HI} vlWsHRS o ojojet S & 4 Ut o]+ wall
layer7} AlHoR HEols A4 WA mEd] gaol IFL A WA

Type 2 AlHQ] 42 AlHo] g4 &4o] kL&Ho| T2t £ mhd 01 Lol Al
S FAF 4 Qch Type 2 A|HQ 739 Figure 2601]*1 2 OE* o
Aol AlHel BI7kF ugollA cracko] LAYSHGITE. olmj AlHo]l Fa Yo
v 4% BAY crackez H47t AFSHY cracko] AEG Q1A
g2 o 5 Arole] W9 Aol 25l debonding #4fo] LAJstTE. whabk
H30o] D= ®ststA = o]F Figure 2.11uF &7 =Qls] ¥ 159,
309 B¢ da Ol =E5H type 2 A|HY Y e F5 A
oro AlmHo] oA 71w 9] 91.4%(8.6% | ), 72.8%(27.2% | )°] S 7FXIct. ol= wall
layero] HAz Qlsf] AlHo=z 5o AFI7F &olsty] wiEoltt. & R
void®}t crack®] &AHS Substy M-S matrix, A8 /matrixe] HaHS
ojgigt A AFZ st FFOo= type 2 AHY 7IAN = A
AlEe] 7IAA e AstEoh o & AL =elsk.

fo

7t type 1

ol

2 Feo
g 2 S
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Type 1 Type 2
0
Day
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LGV(T+B) y M(D+L)GM
#2 #1
S>> _l\l
—
30
Days
LGB LAT ’ M(A+D)GB

Figure 2.14 Tensile failure mode of 3D printed specimen

_20_




il

A 3 A/F 7tsS So AAE €3 kA
3D =HE S¥A= AlHEQ U(Pin)

37}

o WY

é
uy, M
Mo

3.1 AY Al®| A

3.1.1 A|® 2|2

3D ZAE AR AW WPin) A2 F= Fohe A AW F % ALt
Figure 3.11} Table 3.10] Azglstgict. AJHQ] AA] ZAol(L)= 120mmo|n H-F
wx] A7(D)9] Wato] WE sJseE G mAE] sl 9T wAlY AHL 5,
6. 8 10mmz sl AAsiACt BT AAW g AW BHW)H 93T
FURE 29 ANEBE DAAA 9T APl o F w|(wW/D)gt 9B
FURE BWbA A w(E/D) ol WakE Zock 2 9@ A me

W/De} E/DE Table 3.10] 7gelstict.

3D printed 120 mm 120 mm
composite specimen

50 mm 50 mm Tab

Tab
3 mm
Figure 3.1 Schematic of 3D printed bearing specimen

Table 3.1 Summary of dimension and W/D, E/D

D (mm) W (mm) E (mm) W/D E/D
5 20 30 4.0 6.0
6 20 30 3.3 5.0
8 20 30 2.5 3.8
10 20 30 2.0 3.0
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3.1.2 3D = E B8 A|H A=t

AlHO] A2 Markforged Ate] X7™ 3D ZRAEE ARgsto] A|Abstyict. AlH
A&t AFRE ARj= carbon fiber filament?} onyx filamento]t}. Carbon fiber
filament?t onyx filament?] st Z=9] ZA= 0.125 mmo|tt. AJEQ] 2f/o}zj
laminate= onyxE Z 452 A5st ZF 0.bmme FAE VHAY, Y
laminate= carbon fiber filamentE ©0]&35t0] 1658 AZ351 2mme A=
ettt o2bA AlEe] ARl FA(H)= 3mmz 3D =Y Alx ¥4 5 FDM(Fused
Deposition Modeling) YA1S o]&5te] & 24& AZEstgc}h. oo A|Hof ofst
7)5letA oskuot ofe} melE] disko] w2 AR AA 7wl md dArS
=A5t7] Yoll Figure 3.29F Zo] AJHO] %< laminateo] 0°, +45°, 90° 37}A]
nae wake AMmetel Attt AAE AlEe] HE HuE Table 3.20]

— : Onyx filament =mmmm : Carbon fiber filament

Figure 3.2 Markforged S/W Eiger image: Printing direction of Core laminate
(a) 0°, (b) +45°, (¢) 90°

Table 3.2 Laminate information of 3D printed bearing specimen

. Printing Total layer Total layer
Material
direction No. thickness(mm)
Onyx [£45°%], 4 0.5
(a) Carbon fiber [0°]16 16 2.0
Onyx [£45%], 4 0.5
Onyx [+45°%], 4 0.5
(b) Carbon fiber [+45%]g 16 2.0
Onyx [+45°%], 4 0.5
Onyx [+45°], 4 0.5
(c) Carbon fiber [90°]16 16 2.0
Onyx [£45%], 4 0.5




3D ZYES] A4S JEY A ch2A £Fol e glon URW 2L
XS AAS] Y3 371E ol TRELS AR 4 Arks Aol dck oo
AT2 AR Yol 3D ZAYL BRI PAY I1BS B Ashe PAL
olgstel £ JbAl type] AlES AASHGIch Type 1 AW A% 3D mAEE
£o) AFS AASYL, type 2 AT A ARSITAL st AT AR(L, W,
Db SYS AL We 3D ZAYA ¥ I/FRCNOS olgdtel ¥BE
ARttt Type 2 AWS 49 Fr1RoR AR x40 UBY FHO
bsotalEl, EobRe ofs) wAHE 2ol JAM AZ PEol 4TS F 4
QITH13L webd 9% AR wAlo] whE gmel e AW BAS] ) £ A

typeo] A|HE o] &3lo] wloja AW S HaystoALt
3.2 48 14

3.2.1 o]% A|A "™WAX|(Double-lab fixture) ¥ I (Pin)

2 2] A
AR e MO 739 50mmo] ZolE 7MW 39 A7dat
10mmo] A& #Aes AAstAet. Al Al & crackd] F4lE &
ol AA ZAX windowZE AAShE WAlS AQbeEIth. aotgt olF A|A
A= Figure 3.31F 2ttt A|AtE windows &dll A|@Y Aleiat FA]of crack?]
YA o ot R Wk ERlE & glrh. Window Qo] gl Fojube BEL W
AFstz] st Ffzxoln o AHFy FAstA 5, 6, 8, 10mmo AHFg 2=

47¥R10] AR S AASHoCE

Window
s

Figure 3.3 Schematic of double-lab fixture
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3.2.2 Q1A A1 Ax] W A

Hlojadd AlFL  Figure 2.89] Ho]= UTM(Universal Testing Machine,
DAEKYUNG TECH AhHE& o|&s5t3tt AlFE& ASTM D5961 standard[33]o] w2t
sttt Y S5+ Z2mm/mine® o¥ston, Al Fr 22 AU
5te0] 70%Z AEsttt. AlH2 Figure 3.40] Holz Zlap o] AFRQl2A
252 AAtE "3 o]&sto o]F AlA HAaxt AAstdon AZAH AlHE Al

Apulo] Axlstol A@e Sqstoc

(a)

STS
Fixture

[l Pin

3D printed
composite specimen

Tab

Figure 3.4 Experimental set-up:
(a) Schematic of the fastened specimen (b) Specimen installed in UTM

33 71AA A2 F= 7t

3.3.1 71148 A2 d=

Figure 3.5-3.125 &dlfl /%7522 F&4 3D ZHE =S8 AT mdgy]
g g 7IAA A4E deg =20g & Qo). Figure 3.5-3.82 3D Im-EE
ol d5S AASH type 19] Iy Wafo] T2 shE-9He] dwo|tt. 00 WEgo=z
THYHE AJHY FL O Zdrs nd®d AlEH} vustylS of 5L W/DOA
2.5%~69.6% =2 s5t50oA mtho] gAishS. stojsk 2 9lth Figure 3.9-3.12+= 3D

HE=Z A JE2 ARG & SU7Fg2 Eoll 952 AIARE type 29] ZHH

o o
= 1 =
gol oE shke-¥1f Akoldt. Type 29 35h5-We] ARoME type 13}
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Figure 3.5 Load-Displacement curve of Type 1-D5 specimen
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Figure 3.6 Load-Displacement curve of Type 1-D6 specimen
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Figure 3.7 Load-Displacement curve of Type 1-D8 specimen
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Figure 3.8 Load-Displacement curve of Type 1-D10 specimen
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Figure 3.9 Load-Displacement curve of Type 2-D5 specimen
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Figure 3.10 Load-Displacement curve of Type 2-D6 specimen
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Figure 3.11 Load-Displacement curve of Type 2-D8 specimen
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Figure 3.13 Load-Displacement curve of Type 1-0° specimen
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Figure 3.14 Load-Displacement curve of Type 1-+45° specimen
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Figure 3.15 Load-Displacement curve of Type 1-90° specimen
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Figure 3.16 Load-Displacement curve of Type 2-0° specimen
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Figure 3.17 Load-Displacement curve of Type 2-+45° specimen
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Table 3.3 Failure mode of 3D printed bearing specimen

Hole diameter [W/D ratio]

Type 1 5mm [4.0] 6mm [3.3] 8mm [2.5] 10mm [2.0]
No. 1 B B B B
0 No. 2 B B B B
No. 3 B - B B
No. 1 B B B+T B+T
+45° | No. 2 B B B+T B+T
No. 3 B B B+T B+T
No. 1 B+N B B B+N
90° No. 2 B+N B B+C B+N
No. 3 B+N B+C B B+N
Type 2 5mm [4.0] 6mm [3.3] 8mm [2.5] 10mm [2.0]
No. 1 B B B S
0° No. 2 B B B S
No. 3 B B B S
No. 1 B+T B+T B T
+45° | No. 2 B+T B+T B T
No. 3 B+T - B -
No. 1 B+N B+N B+N C
90° No. 2 B+N B+C B+N C
No. 3 B+C B+N B+N C

N: Net-tension failure mode

B: Bearing failure mode, S: Shear-out failure mode,
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4.1.1 23 x|

fetaasld e o] A1gY wEel FRE 3D ZAE =ARO| B4
mofsl7] 91t 24 MY 9 33Re 3D mAE A Axje] BYL mofe]
o3t 24 AP U2 F Kol 3D ZAE BFxd] AgY FoiAo
x=

= 2L carbon fiber filament, glass fiber filament, HSHT(High Strength High
Temperature) glass fiber filament, kevlar fiber filament 4% &o|t}t. ®35t 3D
ndE ZgtAE A9 £5+= onyx filament?t nylon filament 2%-Fo]|t}.

ool X|4+= Figure 4.1-4.4°9F 22t} Figure 4.19] o] 7|& 0= Y93HxEH
Pz nHYd 3D ZIUE EFME FYF A Al 221t Figure 4.29]
90% HsKy& Yshoz =majglgl guksk o1A x|d mdle ASTM  D3039
standard[16]0]] T2} AR QT} Figure 4.39] +45% ®igko g mAElE XMt
Algd nEle ASTM D3518 standard[34]o] w2} ZEHEith  Figure 4.49]
Zotag ARhE ol&sto] AR QI AlY 22 ASTM D638 standard[35]9]
et R ]l

1 U
X
Length = 250mm

Figure 4.1 Dimension of tensile(0°) test model

Width = 25mm
y
L> x !

Length =175mm
Figure 4.2 Dimension of tensile(90°) test model

Width = 25mm
y -
. :
Length = 250mm
Figure 4.3 Dimension of shear(+45°) test model
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Figure 4.4 Dimension of plastic material tensile test model

Lstg AsAd wdlo] T o} Table 4.1-4.33+ It} Carbon fiber
o 0.125mm7} ASZE0 o]ele] ZFeAiw

4L 0.lmmz A==}

Table 4.1 Laminate information of carbon fiber filament model

. Printing Total layer Total layer
Material
direction No. thickness(mm)
Onyx [+457], 4 0.5
Tensile test ) .
B} Carbon fiber [0°]s 1.0
model(0)
Onyx [+£45°], 0.5
Onyx [+45°], 0.5
Tensile test X :
A Carbon fiber [0°]1s 16 2.0
model(90°)
Onyx [+£45°], 0.5
Onyx [+45°], 0.5
Shear test : -
. Carbon fiber [+£45° )4 16 2.0
model(£45)
Onyx [+457], 4 0.5
Table 4.2 Laminate information of other reinforcement filament model
Printing Total layer Total layer
Material
direction No. thickness(mm)
. Onyx [+457] 1 0.1
Tensile test . .
. Reinforcement [0°]1s 18 1.8
model(0) .
Onyx [-45°] 1 0.1
On +45° 1 0.1
Tensile test : e [ . L
) Reinforcement [90°]30 30 3.0
model(90°) -
Onyx [-45°%] 1 0.1
Onyx [+45°] 1 0.1
Shear test : -
R Reinforcement [£45%]5s 20 2.0
model(+45) X
Onyx [-457] 1 0.1




Laminate information of plastic filament

model

Table 4.3
. Printing Total layer
Material . . Total layer No. ;
direction thickness(mm)
Onyx [£45°]13 26 3.25
Nylon [£45° )15 26 3.25

3D mUE =R AL molsp] g 24 Al 2d 35H9 3D ZIUE
soiag 4xle 242 worsh] A% B4 Y 2Py SUF X4 2 2D
LostgA  wdae  MSC Patran/Nastran 20182 o]&sto] w59t

Patran/Nastranof A

gyE |

StQ A RHEO Figure 4.5-4.83} 7t

) test model

Figure 4.5 Finite element model of tensile(0

) test model

Figure 4.6 Finite element model of tensile(90°)

) test model

Figure 4.7 Finite element model of shear(+

Figure 4.8 Finite element model of plastic material tensile test model
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421 24 38 % o2 7)E &7
getasdidg 9t 24 HuE §id Ry SUs K42 AAE 3D nAE
ez 2 S AR AEe) Ad Zae Fol duch 2 S de
e AsiA g =4 A E= Table 4.49F Zth.
Table 4.4 Material properties for finite element analysis
. . HSHT
Properties | Symbol | Unit CF GF GF Kevlar | Onyx | Nylon
E) GPa | 41.11 | 23.10 23.3 32.6 1.61 1.06
Elastic
E, GPa | 2.88 0.32 0.73 0.36 1.61 1.06
modulus
Es3 GPa | 2.88 0.32 0.73 0.36 1.61 1.06
G1g GPa | 1.57 0.30 0.41 0.33 0.52 0.37
Shear
Go3 GPa | 0.59 0.11 0.15 0.12 0.52 0.37
modulus
Gs1 GPa | 1.57 0.30 0.41 0.33 0.52 0.37
V12 - 0.34 0.45 0.47 0.56 0.49 0.45
Poisson’s
) V23 - 0.40 0.53 0.55 0.66 0.49 0.45
ratio
V31 - 0.030 | 0.040 | 0.042 | 0.050 0.49 0.45
S MPa | 450.70 | 390.00 | 377.50 | 457.90 | 36.13 21.1
Tensile
Sy MPa | 15.05 3.23 6.85 3.40 36.13 21.1
strength
Ss3 MPa | 15.05 3.23 6.85 3.40 36.13 21.1
Shear
Sig MPa | 52.62 | 33.30 | 125.40 | 132.50 | 46.27 | 27.02
strength

1: Longitudinal(x-direction), 2: Transverse(y-direction), 3: Through thickness(z-direction)

SSRE0lA  YUERS 4 3= AYUstA Hrishl HsliA=
e ashA Al o V&R AZ AEdliof st SRS mrir|E2 3 e
7|%&(Limit Criteria), A& 7|&(Interactive Criteria), £2] 7|&(Separate Mode
Criteria)02 J2"H0. o] & AFAE sl AM8H T 7[&E2 d=27lE &
Tsai-Wu It 7]&o|th. Tsai-Wu It 7|&2 S59As o 7t Al AAIAQ
Laminate®] A& F4(Fiber + Matrix)E 7|&C 2 515 Wgo(X,, X, YV, Y..5)
et AUEAS A2 st mae Botshs WAlolc,
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1 1 1

I A A AL AR AL [
n o n o) n o} Ty | Tas n iy n Al(4.1)
XtX(: )/f )/(: ZtZ( S122 5223 5123
2F 5,009+ 2F,30505 + 2F 30,04
(714, A Fy, By, Fiy O 2o
2 1 1 2 1 1 2 1 1
—_— ¢ ————— < ¢ —— .
F12 = XtXc Y;Yc FlZ XtXc )/I‘Yc F12 = XtXC }/tY(‘ )
Table 4.5 Input data for Tsai-Wu setup
Symbol Content Parameter Remark
maximum allowable stresses in the 1-
Xew Xoo | L L . . Vi, 7y
direction in tension and compression
maximum allowable stresses in the 2-
Y,, Y. . . . . . Vs, V)
direction in tension and compression
maximum allowable stresses in the 3-
Z, 24, . . . . Vo Vs
direction in tension and compression
maximum allowable in-plane shear st
Sy Vi
ress
Shs maximum allowable 23 shear stress Vs
Sy maximum allowable 31 shear stress Vo
Interactive strength constant for the 5 1
iy Vio Vi <
12 plane Vv,
Interactive strength constant for the ) 1
Fi Vi I <
23 plane VsV Vs Vs
Interactive strength constant for the ) 1
£y Vig Vi, <
31 plane ViVo ViV
4.2.2 3AA /515 =A
AR He 242 471 Holl B Ay sl ARSI
wreawdo] x5 8 o]l Yo sigste 2 B[AE(Te Ty, Tt
S5 [Ry, Ry, R) BFE AT ESH {eta4awHo] 25 8 Zo] Uyl
sigste AR 2AX5(Rx Ry, R)Z &5 & sigshs AR W=
AR AdollA A17dst j59] HYjet AXAIZT. tf& Table 4.62 278 Al™ AlHe
& x| 4olc},




Table 4.6 Dimension of tab for properties test

Length (mm) Width (mm) ASTM standard
Tensile test
. 56 15 ASTM D3039
model(0)
Tensile test
. 25 25 ASTM D3039
model(90°)
Shear test
. 56 25 ASTM D3518
model(£45)
Tensile test model
, 25 19 ASTM D638
for plastic model

AFEAS 242 U7 A3l 2T MPA Lo tolEg FoR o5 @
Zo] Yo e 240 ALkt A4 AH(0, 90) ¥ ZetAEH AX] /4 A|HO
4% Adel Ao shE(NJo] T2t JA| shea AEst¥on], A AJHo He
ASTM D3518 standard[34]o] wet AT WHIIEFO 5% d|Est=E HY[mm]S

M 839t} b Figure 4.9% A8% ZA/st5£0e Uepdct,

\_> . . ; v—‘
Fixed | Fixed | | Total load |
ixe

Trans. Fixed

Rot. | Fixed | Fixed | F

Tensile test model(0°, 90°)

= :

X ¥ z
Trans. | Fixed | Fixed | Fixed Displacement |

Rot. Fixed | Fixed | Fixed

Shear test model(+45°)

Y

Trans | Fixed | Fixed | Fixed [ Total load I —

Rot. Fixed Fixed Fixed

Tensile test model for plastic model
Figure 4.9 Load/Boundary conditions
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Figure 4.10 Comparison of stress-strain curve between experimental results and

finite element analysis results of tensile test model(0)
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Figure 4.11 Comparison of stress-strain curve between experimental results and

finite element analysis results of tensile test model(90°)
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Figure 4.12 Comparison of stress-strain curve between experimental results and

finite element analysis results of shear test model(+45°)
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Figure 4.13 Comparison of stress-strain curve between experimental results and

finite element analysis results of tensile test model for plastic model
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Figure 4.14 Comparison of failure mode between experimental results and finite

element analysis results of tensile test model(0°)
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Carbon fiber filament Glass fiber filament

HSHT glass fiber filament Kevlar fiber filament
Figure 4.15 Comparison of failure mode between experimental results and finite

element analysis results of tensile test model(90°)
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Figure 4.16 Comparison of failure mode between experimental results and finite

element analysis results of shear test model(+45°)
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Study of mechanical performance of 3D printed

composite material for ship/marine structure

Do-Hyeon Kim
School of Naval Architecture and Ocean Engineering
University of Ulsan, Ulsan, Korea

Abstract

Recently, interest in eco-friendly and smart ships is increasing in the
shipbuilding and marine industries according to the environmental
regulations of the International Maritime Organization. In particular, in
order to increase fuel efficiency through weight reduction, research on the
application of related composite materials is being actively conducted. In
addition, interest in 3D printed composites, which are smart materials that
are easy to manufacture and have the advantage of a fast production
process, is increasing.

For the application of 3D printed composites to shipbuilding and offshore
structures, it is necessary to study the structural analysis data of 3D
printed composites and the mechanical performance of 3D printed
composites in the marine environment. Among various marine
environments, the effect on the saltwater environment needs to be studied
for the application of materials. In addition, in the case of 3D printed
composite materials, a mechanical fastening method must be used because
it cannot be connected to other metal structures using welding, so
research on mechanical fastening is also necessary.

Therefore, in this study, the mechanical performance of the 3D printed
composite material specimen exposed to the salt water environment was
evaluated, and the mechanical fastening strength evaluation for the
mechanical fastening method was experimentally studied. In addition, a
finite element analysis model that can predict the mechanical strength of
3D printed composite material structures was developed. In order to
evaluate the effect of the saltwater environment and mechanical fastening
strength and develop a finite element analysis model, composite material
specimens were produced using 3D printing, and in the case of
experiments, mechanical tests were performed on the manufactured
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specimens using a universal testing machine. After the test, the mechanical
fastening strength according to the diameter of the hole notch and the
tensile strength changed according to the influence of the salt water
environment were compared/analyzed. In addition, after the test evaluation,
the failure mode of the specimen was checked to analyze the relationship
between the mechanical strength and the failure mode of the 3D printed
composite material.
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